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Abstract: 

Port Everglades Inlet is one of the busiest ports in the country and is a point 

source of pollution to surrounding beaches and offshore corals from heavy boat traffic 

and urban runoff. Understanding fluctuations of bacterioplankton communities in major 

port inlets is important due to their impacts on surrounding marine environments. To 

understand annual microbial fluctuations, the 16s rRNA V4 hypervariable region was 

sequenced using Illumina high-throughput DNA sequencing technology. Surface samples 

were taken weekly for one year to generate baseline fluctuations in the microbial 

community. Total reads of 1.4 million were generated with a final count of 16,384 

Operational Taxonomic Units. The dominant phyla were Proteobacteria, Cyanobacteria, 

Bacteroidetes, and Actinobacteria. Pathogenic genera were detected at low abundances 

during peak shipping and tourist months (November –April). Results indicate significant 

differences in alpha diversity when comparing microbial communities in August with 

other times.  This was likely caused by low community richness and abundance, and 

below-average August rainfall levels. Differences in beta diversity were significant when 

comparing monthly and seasonal changes. Rainfall, temperature, and nutrient trends may 

have affected microbial composition, specifically during the dry season that was warmer 

and wetter than historical averages for 2013-2014.  Increased nitrogen and phosphorous 

concentrations were observed in the dry season months of October, December, and 

January potentially creating optimal bacterial growth conditions. These results can be 

compared with historical and future data regarding inlet microbial communities to 

determine underlying baselines of bacterioplankton communities and monitor the health 

of marine and recreational environments they impact. This study represents the first to 

characterize at this scale and use Illumina MiSeq technology to analyze water samples 

from Port Everglades. 

 

Keywords: Microbiome; 16S; Ribosomal RNA; Bacterioplankton; Port Everglades; Inlet; 

Illumina   



 7 

List of Figures 
 

Figure 1: Port Everglades Inlet sampling locations. 

Figure 2: Workflow for Illumina MiSeq 16s rRNA sample preparation. 

Figure 3: Rarefaction curves of month for Chao1 diversity indices generated in QIIME. 

Figure 4: Rarefaction curves of month for Shannon diversity indices generated in 

QIIME. 

Figure 5: Rarefaction curves of month for Observed Species and Shannon diversity 

indices generated in R Statistical Software. 

Figure 6: Rank abundance plot of top 500 OTUs in dataset. 

Figure 7: Community richness boxplot by month. 

Figure 8: Alpha diversity index plots. 

Figure 9: Average relative abundance vs. frequency plot for top 6 most abundance 

bacterial phyla in dataset. 

Figure 10: Taxa summary of relative abundance at phylum taxonomic level. 

Figure 11: Taxa summary of relative abundance at class taxonomic level. 

Figure 12: Taxa summary of relative abundance at genus taxonomic level. 

Figure 13: NMDS plot of Bray-Curtis dissimilarity by location. 

Figure 14: NMDS plot of weighted Unifrac distance by location. 

Figure 15: NMDS plot of Bray-Curtis dissimilarity by season. 

Figure 16: NMDS plot of weighted Unifrac distance by season. 

Figure 17: NMDS plot of Bray-Curtis dissimilarity by month. 

Figure 18: NMDS plot of weighted Unifrac distance by month. 

Figure 19: Taxa summary and abundance levels of top 50 OTUs in Bacillales order. 

Figure 20: Taxa summary and abundance levels of top 50 OTUs in Clostridiales order. 

Figure 21: Taxa summary and abundance levels of top 50 OTUs in Lactobacillales order. 

Figure 22: Taxa summary and abundance levels of top 50 OTUs in Enterobacteriales 

order. 

Figure 23: Taxa summary and abundance levels of top 50 OTUs in Campylobacteriales 

order. 

Figure 24: Taxa summary and abundance levels of top 50 OTUs in Vibrionales order. 

Figure 25: Correlation between top phyla abundance and environmental metadata: 

salinity, temperature, and precipitation                      
 

List of Tables 
 

Table 1: Latitude and longitude of sites where water samples were collected. 

Table 2: Results of multiple comparison Adonis tests by month. 

Table 3: Results of multiple least squares linear regression analysis using SAS.   



 8 

 

 

Introduction: 

Marine microbes are the dominant organisms in the world’s oceans contributing 

over 98% of the biomass. Without marine microbes many of the major biogeochemical 

cycles are not possible, and the planet would cease to function in the ways observed 

every day. Marine microbes impact humans, animals, and plants both positively through 

nutrient availability, and negatively through their ability to cause sickness. Yet, very little 

is known about majority of the roles they play in the environment. There is even less 

information on the community structures of marine microbes. 

 This study aims to complete a microbiome characterization of the surface water 

in Port Everglades Inlet located in Broward County, FL. Water samples were collected 

from June 2013 – May 2014 to determine monthly alpha (α) and beta (β) diversity 

fluctuations. Alpha diversity is the diversity within an ecosystem or sample and is often 

expressed in terms of species richness (Whittaker, 1972). An ecosystem with high alpha 

diversity will have a high number of species with similar abundances. Beta diversity 

compares diversity between ecosystems showing change or differentiation in the species 

composition between samples.  (Whittaker, 1972; Koleff et al., 2003). This study 

examines changes in composition of Port Everglades Inlet’s surface water microbiome 

over a year. This study differs from others because samples were taken on a weekly basis 

allowing for changes to be examined at a finer scale (or higher time resolution). This 

study also uses Illumina ‘s MiSeq high-throughput sequencing technology to complete 

DNA sequencing of water samples, differing from previous studies which were largely 

restricted to culture-based methods.    

History of marine microbiology: 

Marine microbes were  not known to play an important role in marine ecosystems 

before the late 1970’s (Pedros-Alio, 2006). As of 1974, studies completed on relative 

abundance of microbes in the sea were highly contradictory (Pomeroy, 1974).  Studies by 

Kris (1963) and Seki (1972) found substantial numbers of microbes in their samples, 

while contradictory studies by Wiebe and Pomeroy found trivial amounts (1972).  The 
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major cause of incongruities within these studies was due to the use of different methods 

for bacterial isolation. Coordination of methods between scientists was uncommon, 

resulting in highly conflicted microbial abundance counts across different studies 

(Pomeroy, 1974).  

Development of nucleopore filters and epifluorescent microscopy in the late 

1970’s allowed for accurate approximations of the total number of microbes in the sea 

(DeLong, 2009; Hobbie et al, 1977; DeLong and Karl, 2005). Prior to the use of 

nucleopore filters, cellulose filters were used. Cellulose filters have rough and uneven 

surfaces, resulting in inaccurate cell counts because bacteria become trapped within the 

filter instead of on the observable surface. Subsequently, these bacteria are not included 

in the cell counts when using epifluorescent microscopy. Nucleopore filters differ from 

cellulose filters because they have a homogenous pore size and a very flat surface. This 

ensures that all bacteria remain on the observable surface of the filter and are included in 

the microbial abundance counts (Hobbie et al, 1977).  Development of these technologies 

revealed that many of the studies completed on marine microbes and marine ecology 

grossly underestimated the amount of bacteria present in the world’s oceans (DeLong and 

Karl, 2005). This is known as the “great plate count anomaly,” where scientists noticed 

considerable inconsistencies in their plate counts versus their microscopy counts 

(Handelsman, 2004). It was hypothesized that some studies underestimated the number of 

microbes present in a milliliter of seawater by at least three orders of magnitude (DeLong 

and Karl, 2005). 

In 1978 another important discovery in marine biology propelled the field of 

marine microbiology forward. It was in this year that the deep-sea submersible Alvin 

explored the hydrothermal vent communities along the Galapagos Rift (Corliss et al, 

1979). This study changed the way that most scientists looked at deep-sea environments. 

Prior to this, the deep sea was believed to be a barren, desert-like ecosystem (Gaille, 

1993). This study reported the presence of large concentrations of sulfur-oxidizing 

bacteria (chemoautotrophs), heterotrophic bacteria, and invertebrates present at the 

hydrothermal vents (Corliss et al, 1979 and DeLong and Karl, 2005). Studies completed 

on the chemoautotrophic bacteria after the Alvin exploration revealed that invertebrates 
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present at the vents received their nutrition through chemoautotrophic bacterial symbiosis 

(Felbeck, 1981; Cavanaugh et al, 1981; Gaille, 1993). This discovery confounded the 

scientific community by revealing that marine microbes are present everywhere in the 

ocean, and that they play a major role in the food chain at the vent communities.  

Since the discovery of hydrothermal vent bacteria, many new technologies have 

been developed to study marine microbes and their functions in marine environments 

(DeLong and Karl, 2005). The discovery of viable but nonculturable (VBNC) microbes 

in 1981 pressured scientists to discover new mechanisms to identify bacteria without 

using culture-dependant methods (Xu et al, 1982; Handelsman, 2004). Sequencing of 

microbial rRNA and Polymerase Chain Reactions (PCR) are two technologies developed 

to overcome the problem of viable but nonculturable bacteria (Giovannoni et al, 1990). 

The establishment of known rRNA sequences from hydrothermal vent bacteria enabled 

microbes to be compared at the macromolecular level (DeLong and Karl, 2005). Insights 

into the phylogenetic relationships of microbes were now available without having to 

culture them (Stahl et al, 1984). The use of PCR in marine microbial ecology and biology 

began in the early 90’s (Giovannoni et al, 1990). The advantage of using PCR for 

nonculturable microbes is that a specific portion of the DNA is targeted and then 

amplified, generating millions of copies of a specific piece of DNA (Saiki et al. 1988). 

This overcomes limitations when DNA is sparse or when there is nonessential portions of 

DNA present in data (Randall et al, 1988). A study in the Sargasso Sea by Giovannoni 

and colleagues used PCR to amplify 16S rRNA genes of natural populations (1990). 

They found novel microbial groups that differed from any that had been previously 

cultured (Giovannoni et al,1990). This study demonstrates the capacity to which PCR can 

enhance research efforts in marine microbiology without the need to use cultivation 

techniques.  

The field of marine microbiology has had many major breakthroughs since 

discovering microbes in the oceans. Developments in genome science and technology 

allow for expansive research opportunities in marine microbiology and ecology 

(Handelsman, 2004, DeLong and Karl, 2005). The first marine archaeal organism to 

successfully have its genome fully sequenced is Methanocaldococcus jannaschii (Bult et 
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al, 1996). Bult and colleagues discovered that only 38 percent of the genes found in 

theM. jannaschii genome had known functions (1996). The genes involved in metabolic 

processes are more similar to bacterial genes, while genes involved in transcription, 

translation, and replication are more similar to eukaryotic genes (Bult et al, 1996). In 

2003, the genomes of multiple strains of the cyanobacteria. Prochlorococcus, were 

sequenced (Rocap et al, 2003, and Dufresne et al, 2003). Prochlorococcus is the first 

marine bacterial species to have its genome fully sequenced (Whitfield, 2003). Up to 

2006, over 150 marine microbial genomes have been sequenced. From this data scientists 

discovered more about the evolution of specific genes and genomes, and the effects that 

an organism’s genome has on its ecological niche and ecosystem functions (Pedros-Alio, 

2006). Due to decreased costs of sequencing technology, there has been a rapid increase 

in the number of microbial genomes that are being sequenced. To organize the rapid 

influx of metagenome and full genome sequences the Genomes OnLine Database 

(GOLD) was created. The GOLD database is available on the Internet and provides 

access to all genome and metagenome projects and their associated metadata worldwide. 

To date, the total number of sequencing projects completed, or in progress on the GOLD 

database is 63,489 with greater than 40,000 of those projects being completed on 

microbial species (Pagani et al, 2012 and Reddy et al, 2014). 

The past 40 years has been an era of discovery and growth in the field of marine 

microbiology. Technological advances allowed accurate estimations of microbial 

populations, sequencing of rRNA/DNA amplicons, and now, full genome sequencing. 

From these new technologies, many old questions posed about microbial population 

ecology, evolution, and biology, can be reassessed using a genomic approach. Large 

databases of known and unknown genes are being created, which contributes information 

to microbial gene evolution and how this impacts microbial ecological niches and 

community structures. There is still much to be learned about marine microbiology, but 

with the application of techniques such as culturing, PCR, DNA/RNA amplicon 

sequencing, and genome sequencing large magnitudes of information can be gained. 
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The Role of Microbes in the Ocean: 

Marine microbial communities play a large role in the oxidation of organic 

compounds, and nutrient regeneration in the marine environment (Herbert, 1999). They 

are major components in global biogeochemical cycles, especially carbon, nitrogen and 

phosphorous cycles (Azam et al  1983; Arrigo, 2005). Nitrogen is one of the most 

abundant elements on the planet, and is essential for the production of nucleic acids. The 

nitrogen cycle is a series of redox reactions that transforms nitrogen gas (N2) to 

ammonium (NH4
+) (Canfield et al, 2010). N2-fixing bacteria are common in light 

abundant, tropical and subtropical waters (Arrigo, 2005). Inorganic nitrogen is often 

depleted in these areas due to high primary productivity (Arrigo, 2005; Brandes et al, 

2007). Fixing of nitrogen gas by bacteria allows it to be converted into inorganic 

nitrogen, which is the form most often utilized by other organisms, especially nitrifying 

bacteria (Gruber, 2004 and Arrigo, 2005). Nitrogen fixation must be in balance with the 

total amount of fixed nitrogen lost to processes such as denitrification. The dominant N2-

fixing microbe in the oceans is the cyanobacterium, Trichodesmium. The rate at which 

Trichodesmium fixes N2 is estimated in the range of 22- 34 Tg N yr-1, and accounts for 

roughly 36-50% of the nitrogen demands of the marine microbial community (Arrigo, 

2005). Denitrification is the process in which reduction of nitrogen to dinitrogen occurs 

(Alvarez, et al, 2014). It can occur in both anaerobic and aerobic environments, and 

utilizes nitrate as the terminal electron acceptor instead of oxygen (Brandes et al, 2007). 

A major denitrifier in the oceans is Planctomycetes, a facultative aerobe or anaerobe. 

This group is chemoorganotrophic and is found in polluted waters (Siniscalchi et al, 

2015). Some species within the Planctomycetes genus are capable of completing 

anammox reactions in which ammonium is oxidized to N2 (Arrigo, 2005; Brandes et al, 

2007). Availability of fixed nitrogen in the form of nitrate (NO3
-) is the major limiting 

factor for biological production in the mixed surface layer (Gruber, 2004). Research has 

shown that marine N2-fixation is more important than previously thought for primary 

production, especially in tropical and sub-tropical environments (Falkowski, 1997; 

Gruber, 2004). Estimates indicate that the largest amount of nitrogen fixation occurs in 

pelagic marine environments at a rate of 117 Tg N yr -1 (Codispoti et al, 2001).  Marine 

nitrogen-fixing bacteria are responsible for the transformation of N2 into NO3
-, 
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maintaining the balance of biologically available nitrogen, and are therefore of 

unconditional importance to nutrient cycling between the atmosphere and the world’s 

oceans (Canfield et al, 2010).  

 The phosphorus cycle is another major biogeochemical cycle in the oceans. 

Phosphorous is a limiting, yet vital nutrient in the oceans. It is necessary for primary 

production in oceanic environments and is needed for the survival of marine microbes 

and phytoplankton (Froelich et al, 1982). Without the availability of usable phosphorus, 

primary production is limited, negatively impacting phytoplankton and bacterial 

populations, and reducing the rate of phosphorous cycling (Dyhrman et al, 2007). 

The main form of phosphorus biologically available for most marine organisms is 

dissolved inorganic phosphorus (DIP), but studies show that dissolved organic 

phosphorous (DOP) is present in levels similar to those of DIP, and is readily taken up by 

plants (Johannes, 1964). Phosphorus availability in the marine environment is believed to 

be a major driver of evolutionary adaptations in marine microbes and phytoplankton to 

increase their rates of phosphorous cycling. In a previous study it is shown that microbial 

community composition changes in response to availability of nutrients in their 

environment. When phosphorous concentrations are low major bacterial species are 

absent (Pinhassi et al, 2006). Organisms that developed adaptations for low phosphorus 

environments are Prochlorococcus and Synechococcus. Synthesis of genomic DNA 

requires a large phosphorous demand. These two bacterial groups have some of the 

smallest genome sizes known. This is a possible adaptation developed due to their 

presence in low phosphorous environments. A second adaptation developed by these two 

bacterial groups is that they can synthesize lipids composed of sulfur and sugar rather 

than lipids formed from phosphate (Dyhrman et al, 2007). These adaptations make them 

suitable and successful in low phosphorous environments, where other bacterial species 

cannot persist.  
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Ribosomal RNA and the 16S subunit: 

The ribosomal RNA (rRNA) molecule is generally accepted as a universal and 

comparative molecule for bacterial phylogeny and taxonomy due to major characteristics 

outlined by Woese and colleagues (1980,1982,1984, and 1985). rRNA is present in 

almost all bacteria and is part of a large complex that is vital for cell function. The 

largeness and important function of this molecule, paired with evidence that its function 

has been conserved over time and not transferred from species to species allows for 

reliable phylogenetic comparisons between organisms using rRNA (Woese et al, 1980, 

1982, 1984, and 1985, Janda and Abbott, 2007). The prokaryotic rRNA molecule is 

composed of two subunits, the large and the small. 16S rRNA is part of the small subunit 

of prokaryotic ribosomes. The genes that encode this region are called 16S rDNA and are 

used to determine taxonomy of microbes. The 16S gene is ideal for taxonomy studies 

because it is highly conserved allowing for broad taxonomic comparisons between 

organisms (Woese, 1987). The 16S gene is most commonly used for taxonomic purposes 

in sequencing studies because the full gene is not being sequenced. This impacts the 

discriminatory power at the genus level and gives low phylogenetic power at the species 

level. Only a full 16S gene sequence provides accurate phylogenetic comparisons 

between species (Janda and Abbott, 2007 and Birtel et al, 2015). The 16S gene contains 9 

hypervariable regions (V1-V9), each with different evolutionary rates and sequence 

diversity (Tringe, 2009). The hypervariable regions with rapid genetic changes help to 

determine evolutionary changes between species from the same genus leading to more 

accurate classifications (Chakravorty et al, 2007). There is not a single hypervariable 

region that is used to distinguish between all bacteria, and therefore the development of 

primers designed to amplify one or more hypervariable regions are used. There is 

disagreement in the scientific community about which hypervariable regions give the 

most accurate classification results. For example, Wang et al.(2007) claim that the V2/V4 

regions yield the most accurate results, while Chakravorty et al.(2007) claim it is the 

V2/V3 regions, while Sundquist et al.(2007) claim it is the V2/V3/V4 regions. 

Ultimately, the ideal hypervariable region to be used for 16S gene taxonomy varies with 

the sequencing technology that is used. In older high-throughput sequencing technologies 

(454 pyrosequencing), the V6 region is used because of its short read length. 
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Development of Illumina high-throughput sequencing now allows for longer read 

lengths, and studies show that the V3-V4 regions generate the best taxonomic results 

(Shah et al, 2010, He et al, 2013 and Fadrosh et al, 2014). Overall, it is noted that 

hypervariable regions with longer basepair (bp) lengths and semiconserved, rather than 

conserved regions surrounding them, increase the accuracy of bacterial taxonomic 

classifications (Wang et al, 2007).  

High-throughput DNA sequencing 

Methods for DNA sequencing have been developed and re-developed since the 

late 1970’s. Maxam and Gilbert developed one of the first DNA sequencing methods in 

1977 called Maxam-Gilbert sequencing or chemical sequencing. They established a 

method where chemical processes are used to break apart a DNA molecule into its 

nucleotide bases called chemical degradation (Maxam and Gilbert, 1977, Sanger et al, 

1977). The DNA is terminally labeled and produces radioactive DNA fragments that are 

run on a polyacrylamide gel. The DNA sequence is then read from the patterns observed 

on the gel (Maxam and Gilbert, 1977). While this provided DNA sequences, there are 

some limitations to this technique (Schuster, 2008). The resolution of the polyacrylamide 

gel is not always sufficient for analysis and a maximum of only 100 base pairs (bp) can 

be sequenced (Maxam and Gilbert, 1977). Later, in that same year, Sanger and Coulson 

developed a methodology for rapid DNA sequencing that improved upon previous 

techniques. This method is called “Sanger sequencing” or dideoxynucleotide sequencing.  

Sanger sequencing utilizes DNA polymerase and 2’,3’- dideoxythymidine 

triphosphates(ddTTPs) to terminate DNA chain elongation (Sanger et al, 1977). This 

termination occurs at places in the DNA where thymidylic acid(dT) would be 

incorporated. The chain elongation terminates at this spot because ddTs do not contain a 

3’ hydroxyl group and therefore cannot form a phosphodiester bond with the next base. 

In Sanger sequencing a mixture is made containing commercially available DNA 

polymerase, a mixture of ddTTPs, and all the dTTPs (dATP, dCTP, dGTP, dTTP). The 

mixture is made so that the concentration of the ddTTP is only 1% of he total dTTP 

concentration, this way the chain will terminate at whichever ddTTP is added (Sanger et 

al, 1977). This reaction is completed 4 times, once for each base. The reactions are run on 



 16 

thin polyacrylamide gels and analyzed by size of the fragment (Sanger et al, 1977 and 

Sanger and Coulson, 1978). This was the main method of DNA sequencing throughout 

the next three decades (Schuster, 2008; Metzker, 2010). It was during this time, scientists 

began to anticipate the possibility of sequencing the entire human genome (Schuster, 

2008). In 1990 the Human Genome Project (HGP) was initiated (Venter et al, 2001). 

High-throughput sequencing was developed due to the eagerness of scientists to sequence 

the entire human genome (Schuster, 2008 and Venter et al, 2001). The first complete 

human genome was sequenced in April of 2003 (add a citation). 

 After the HGP concluded, scientists were interested in continuing research using 

next-generation sequencing technologies. This led to the development of four main high-

throughput DNA sequencing platforms. These platforms are PacBio, Life/SOLiD, 454/ 

Roche-Pyrosequencing, and Illumina/Solexa (Shendure and Ji, 2008). High-throughput 

DNA technology allows for Megabase-sized quantities of DNA to be sequenced in just a 

few hours, and at a relatively cheap price (Quail et al, 2008 and Metzker, 2010).  

454 pyrosequencing is the first next generation sequencing platform that was 

made commercially available (Margulies et al, 2005; Shendure and Ji, 2008). It works 

through the use of emulsion PCR. The genome is split into fragments and the fragments 

are attached to beads, which are added into an oil emulsion containing PCR reactants 

(Margulies et al, 2005 and Mardis, 2011). This process allows for bulk amplification of 

the DNA fragment, and eliminates the need for cloning in bacteria (Mardis, 2011). 

Sequencing begins with the amplified beads being incubated with B. stearothermophilus 

polymerase and binding proteins in small wells. This makes them biochemically 

compatible with the sequencing technique (Shendure and Ji, 2008). Extra, smaller beads 

are added to the mix, which contains other enzymes needed for the pyrosequencing 

reaction. The sequencing occurs in cycles, with each cycle having different species of 

unlabeled nucleotide being washed over the microplate array (Shendure and Ji, 2008). 

When the nucleotide is incorporated into the sequence, a release of inorganic 

pyrophosphate occurs, causing a burst of light (Margulies et al, 2005; Shendure and Ji, 

2008; Mardis, 2011). This burst of light is detected by a charge-coupled device 

(Margulies et al, 2005; Shendure and Ji, 2008). The intensity of the light reaction 
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indicates how many of the same nucleotides are present in a row (Shendure and Ji, 2008). 

The benefits of pyrosequencing is that it gives relatively long read lengths of roughly 250 

bp, and the time it takes to run is relatively short, around 7 hours. The negatives of 454 

pyrosequencing are that it has a high homopolymer error, and is more expensive per base 

when compared to Illumina/Solexa (Mardis, 2008; Metzker, 2010).  

Illumina/Solexa is now the most commonly used high-throughput DNA 

sequencing platform due to its lower cost per sequence (Metzker, 2010; Caporaso et al, 

2012). The Illumina platform is used in multiple microbiome studies to gain insight into 

the complex diversity present within many different environments (Gilbert et al, 2010; 

Caporaso et al, 2012; Kelley and Gilbert, 2013) Illumina sequencing technology is also 

used in numerous coastal marine microbiome studies, providing an accurate overview of 

the complex microbial communities (Gilbert et al, 2010). This platform works by first 

ligating adapters to target DNA fragments (Mardis, 2008; Mardis, 2011). The fragments 

with attached adaptors are bound to a glass flow cell containing 1 or more channels 

(Mardis, 2011). Unlabeled nucleotides and enzymes are added to the chambers to initiate 

bridge amplification of the DNA fragments. The bridge amplification step creates dense 

clusters of the DNA fragments on the flow cell. Sequencing occurs by single base 

extension and is completed by adding fluorescently labeled reversible terminator 

nucleotides, primers, and DNA polymerase. The fluorescent signal emitted from the 

clusters is recorded by a camera and the nucleotide base is determined. The blocked 3’ 

end and the fluorescent tag are removed from the end of the fragment and a new cycle 

begins (Mardis, 2008; Mardis, 2011). The major benefits of Illumina sequencing are that 

it is very cheap per base and the chemistry behind the reactions is very advanced 

(Metzker, 2010). 
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Metagenomics/Microbiomes and 16S Amplicon Sequencing 

Advancements in DNA sequencing have equipped scientists with tools to examine 

microbial environmental communities (microbiomes) with less bias yet greater coverage 

and depth. Before the advances in molecular techniques many studies worked only with 

those micro-organisms that could be cultured (Handelsman, 2004). The term 

“metagenomics” was first coined by Handelsman et al.in 1998, and is defined as a 

molecular biology approach, absent of culture techniques, which aims to complete 

genetic, taxonomic, and functional analyses of cumulative microbial genomes comprising 

a specific microbiome. The original approaches to analyzing metagenomes relied heavily 

on PCR amplification and gene cloning of genes with sequence similarity. The clones 

obtained were used to reconstruct genomes by aligning overlapping fragments and 

determining the sequence of the chromosome clone by clone (Schloss and Handelsman, 

2003). A study by Rondon and colleagues to used PCR amplification and gene cloning to 

examine the soil microbiome (2000). This study used bacterial artificial chromosomes 

(BACs) from pBeloBAC11 as their vector, which was used to generate clones for 

sequencing. This study is important because it demonstrates that modern molecular 

biology methods could be used to generate data about a microbial population using non-

culture techniques. 

Ventor and colleagues(2004) completed a revolutionary oceanic microbiome 

study in the Sargasso Sea examining the surface water microbiome. This study used 

whole-genome shotgun sequencing to obtain information about microbial genomes. This 

approach is similar to cloning methods used previously, but PCR amplification is not 

needed. Whole-genome shotgun sequencing is used because of the tendency for PCR 

reactions to be biased when working with 16S rRNA. Not all 16S rRNA regions amplify 

with the same universal primers, leading to some regions being over-represented and 

others, under-represented. While this study was confined to a relatively small area of the 

planet, it provided many important insights into the microbial community composition 

and its function in the Sargasso Sea. One of the most interesting findings in this study 

was the possible mechanism by which microbial organisms utilize the available 

phosphorus in an exceptionally low phosphorous environment. Genes were found that are 
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known to aid in the transport mechanism of phosphonates (Venter et al, 2004). This 

mechanism was previously identified in both Prochlorococcus and Synechoccus 

genomes, the latter being one of the major microbial groups identified in the sequencing 

data from this study (Venter et al, 2004). When this study was conducted in 2004, the 

price of sequencing to such great depths was too expensive for most researchers to 

complete. In the last 10 years sequencing costs decreased drastically. The drastic decrease 

in sequencing price has made the methods outlined in this study practical for completing 

metagenomics analyses of bacterial communities. 

Perhaps the most well-known microbiome study is the Human Microbiome 

Project (HMP). Microbial symbionts are present on every surface and in every nook, 

crevice, and cavity in the human body (Turnbaugh et al, 2007). Microbial cells 

outnumber mammalian cells ten-fold in an adult human being (Wilson, 2005). While 

some human microbes can be pathogenic and cause disease, others are vital for our 

survival. It is because of the vast majority of microbes and their many functional roles in 

humans that the HMP was completed. 

 

Land-based pollution sources and their impacts in Southeast Florida 

Land-based pollution sources are characterized as pollution into the marine 

environment from sewage outfalls, agricultural runoff, chemical spills, urban 

development, and oil spills (Windom, 1992). Land-based pollution is a considerable 

problem along the world’s coastlines, with sewage discharge into coastal regions being 

one of the largest sources of marine pollution (Windom, 1992, and Meyer-Reil and 

Koster, 2000). Land-based runoff and nutrients enrich the coastal marine environment 

with pollutants, which can result in eutrophication (Lapointe et al.2004,  Carrie Futch et 

al,2011, and Lapointe et al, 2015). Eutrophication can lead to conditions of hypoxia or 

anoxia and decreased biodiversity causing major shifts in the community structure of an 

ecosystem (Windom, 1992; Marcus, 2004, Lapointe et al, 2004). Community shifts result 

in an increase of phytoplankton, harmful algal blooms, and decrease zooplankton, 

bacterioplankton, and macro-organism diversity (Marcus, 2004, Paerl et al, 2006). 
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Microbes contribute the largest biomass to the marine environment, and are the main 

source for nutrient recycling (Paerl et al, 2006). Land-based point and non-point pollution 

sources can increase harmful marine pathogens, and cause a die-off of vital nutrient 

recycling bacteria (Sniezko, 1974).  

Human development along coastlines is a significant contributor to marine 

pollution (Mallin et al, 2000, Lapointe et al, 2004, Carrie Futch et al, 2011, and Lapointe 

et al, 2015, ). The past decade has marked rapid increases in human population and 

coastal development, increasing sewage waste and construction debris, which directly 

impacts coastal marine environments (Mallin et al, 2000). One of the more serious threats 

of coastal development is the input of human pathogenic and enteric bacteria (McIntyre, 

1990; Windom, 1992; Mallin et al, 2000). Pathogens enter the marine environment in the 

form of treated sewage, human excrement, and shedding of human skin cells (Mallin et 

al, 2000). The potential for harmful bacteria in coastal waters could continue to increase 

as urban development, tourism, and water-based activities gain popularity (Mallin et al, 

2000). The introduction of enteric/pathogenic bacteria into the water can cause human 

illnesses such as: ear, respiratory, gastric, and skin infections (Mallin et al, 2000). 

Introduction of these pathogens to sensitive ecosystems are also reason for concern as 

recent research shows evidence that human pathogens are harmful to marine organisms 

(Banks et al, 2008 and Carrie Futch et al. 2011, Sutherland et al, 2011). This is observed 

with the human pathogen Serratia marcescens, which can cause serratiosis in the 

Caribbean elkhorn coral Acropora palmata (Sutherland et al, 2010). This can result in 

large bleaching events, and massive die-offs of the already threatened elkhorn coral 

(Sutherland et al, 2011). 

Land-based pollution is a sizable problem in South Florida. With approximately 7 

million inhabitants along Florida’s southeastern coast, urbanization is intensifying (Finkl 

and Charlier, 2003, Banks et al, 2008, and Stamates et al, 2013). Two of the largest ports 

in the world are located on Florida’s southeastern coast, and oil leakage, cargo spills, and 

flushing of ballast water all contribute to pollution along the coastline. Influxes of 

nutrients from agricultural practices in near-shore environments are believed to contribute 

to degradation of Florida’s coral reefs (Finkl and Charlier, 2003, Banks et al, 2008, 
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Walker et al, 2008,2012). Large discharges of polluted freshwater are injected into 

estuarine environments, and can cause large harmful algal blooms, and loss of oyster 

reefs and seagrass beds (Finkl and Charlier, 2003). The presence of large sewage outfalls 

just offshore and along the coast of southeastern Florida adjacent to the coral reef 

ecosystems have caused harmful algal blooms and introduction of human enteric and 

fecal bacteria (Edmond et al, 1978; Finkl and Charlier, 2003). Land-based pollution has 

many unfavorable impacts on marine coastal environments. These impacts not only affect 

marine organisms and environments, but also humans utilizing these environments. It is 

important to consider these factors when studying the microbial communities present in 

an area largely impacted by urbanization and land-based pollution sources.  

 

Florida’s Ports and Port Everglades Inlet 

 Port Everglades Inlet is a man-made, dredged, deep-water port located along the 

southeastern coast of Florida (Stauble 1993, http://www.porteverglades.net; NOS, 2012). 

The entrance to the inlet is roughly 641 m long and 295 m wide with an average depth of 

13 m (Stauble, 1993; NOS, 2011). The average tidal current speed is 0.7 knots, but can 

reach speeds up to 3 knots at flood tide, and 5 knots at ebb tide. Prominent winds that 

blow from the southeast and east that can travel at speeds of 17 knots or greater, causing 

very strong currents at the entrance to the inlet and can be hazardous to ships (NOS, 

2011). Annual precipitation at the port is roughly 94 days per year, and 60% of this 

rainfall occurs in the summer months of May-October/November (NOS, 2011). The 

temperature average for the port is 32.2°C, with a maxima of 37.8°C in the summer, and -

2.2°C in the winter (NOS, 2011). The seaport was officially established in 1927. In 1928 

the barrier between the harbor and the ocean was demolished, opening the port for 

business. Port Everglades is a major source of income for Broward County, generating 

roughly $26 billion worth of revenue and business, and 201,000 jobs throughout the state 

(http://www.porteverglades.net). The main function of the port is for consumer purposes, 

but there is also a large amount of foreign trading (NOS, 2011). Port Everglades Inlet is 

mainly used for large vessel traffic with the major products handled in the port being 

petroleum, cars, cement, lumber, steel, glass, and other general cargo (NOS, 2011).  In 
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2012 the total number of ships that docked in the port (excluding personal yachts and 

boats) exceeded 4000, making it one of the busiest cruise ship ports in the world (Carrie-

Futch, 2011; NOS, 2011, and Stamates et al, 2013), and one of the most active cargo 

ports in the United States. Port Everglades is also the main seaport in southern Florida for 

petroleum products (http://www.porteverglades.net; NOS,2011;Carrie-Futch et al, 2011).  

 Port Everglades is constantly under human influence from cargo ships, cruise 

ships, naval ships, and recreational yachts and boats, as well as the confluence of runoff 

from over 1 million residents (Banks et al, 2008 and Carrie-Futch et al, 2011). The high 

volume of boat traffic and human influence, paired with the large amount of water 

discharged with the tides twice daily makes Port Everglades Inlet a possible point source 

of pollution to the offshore marine environments (Banks et al, 2008; Carrie-Futch, 2011; 

Stamates et al, 2013). A study by Carsey et al. (2007) in conjunction with NOAA 

reported that inlets in southern Florida provide substantial outflow of nutrients and 

microbes into the surrounding marine environment, and need to be monitored as a 

pollutant source. In particular, Port Everglades has been documented to have significantly 

high levels of nutrient and microbial contaminants discharged out of the port during ebb 

tide (Stamates et al, 2013). This emphasizes that Port Everglades inlet plays a possible 

role as a point source of pollution into the marine environment (Banks  et al, 2008 and 

Stamates et al, 2013). The use of high-throughput sequencing coupled with water 

chemistry analysis will provide data regarding the types of bacteria present in the inlet 

and whether or not they can be potential threats to the marine and to humans who use the 

ocean surrounding the port for recreational purposes. 

 This study examines the surface water microbiome present in Port Everglades 

Inlet. Located directly offshore from the port is a sensitive coral reef tract (Rowher 2010), 

as well as multiple recreational beaches, fishing piers, and watersport areas (Banks et al, 

2008 and Stamates et al, 2013).  Culture-based methods are unable to fully capture the 

diversity of the microbiome of the port, therefore high-throughput sequencing will be 

used. High-throughput sequencing provides an in-depth view of the microbiome of the 

port. Results will provide information regarding the types of microbes being introduced 

into the coastal areas adjacent to the port, and how the microbial composition will change 
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throughout a year. These results can be used in conjunction with the county or other 

organizations as a baseline measurement for comparative studies. 

 

Section II: Objectives and Hypotheses 

In this study the microbial communities present in Port Everglades Inlet will be 

analyzed using high-throughput DNA sequencing to complete a microbiomic study via 

16S amplicon library analysis. The purpose of this study is to determine the surface water 

microbial population of Port Everglades Inlet (PEI) based on season (wet vs. dry), water 

chemistry and site type, from water samples taken weekly over a one year timespan. The 

analysis was done using high-throughput sequencing techniques on Illumina’s MiSeq 

platform to eliminate the need for culture-based techniques. Sequencing data was 

analyzed with the bioinformatics programs QIIME and the R statistical software package 

Phyloseq. 

The first hypothesis for this study predicts that during the typical wet season 

(May-September) there will be an increased abundance of bacterial species present in the 

port’s water. The second hypothesis predicts that changes in water chemistry will 

correlate with changes in abundance of certain microbial genera. Species such 

Prochlorococcus are expected to be higher in abundance during low nutrient conditions 

(Flombaum et al, 2013; Johnson et al, 2006), while species such as Synechococcus are 

expected to be present in higher abundance during high nutrient conditions (Partensky et 

al, 1999).  The third hypothesis predicts that harmful pathogens to both humans and 

marine life such as Enterococcus, Streptococcus, Vibrios, and S. marcescens will be 

present, and that these organisms will be present in a higher abundance during the wet 

season. 
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Section III: Methods  

 

Water sample collection and filtration: 

Surface seawater samples were collected by kayak in Port Everglades Inlet 

located in Broward County, FL at the beginning of low tide. Samples were collected on a 

weekly basis for one year (June 2013-June 2014). Three samples were collected from the 

surface water at two different sites within the inlet in 1 liter (L) glass Pyrex bottles. Water 

samples were collected for DNA sequencing and water chemistry analysis . Water 

temperature was measured in-situ at time of sampling with a glass thermometer. Salinity 

measurements were taken immediately upon returning to the laboratory using a 

refractometer. The 1L samples were then filtered using a vacuum filtration system and 

Pall GN Metricel® grid 47 mm, 0.45µm filters. The vacuum filtration system used Pall 

funnel filters and a rubber stopper to create an airtight seal. After filtration the filters were 

folded and placed into 2.8 mm ceramic bead tubes obtained from the MO BIO (Carlsbad, 

CA) using sterile forceps. The filters were folded and stored in -80°C freezer until DNA 

extraction. A total of 82 samples were prepared for sequencing.  

 

 

 

 

 

 

 

 

Figure 1: Port Everglades Inlet sampling locations. The blue arrow is Marker 9 (M9) and the 

orange arrow is the boast basin (BB). Image obtained from Google Maps 

(https://www.google.com/maps/place/26%C2%B005'33.6%22N+80%C2%B006'44.0%22W/@26.0920736,-

80.1086591,1023m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0) 



 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Latitude and longitude of sites where water samples were collected 

 

DNA extraction: 

 Microbial genomic DNA was extracted using MO BIO’s PowerLyzerTM 

PowerSoil® kit, generally following Earth Microbiome (earthmicrobiome.org) standards. 

After extraction a 1% agarose gel was run to ensure that the DNA extraction was 

Site Type Latitude Longitude 

Boat Basin (BB) 26.091510 -80.112098 

Marker 9 (M9) 26.092675 -80.112216 
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successful. After gel verification the purity of the DNA was checked using the NanoDrop 

1000 (Thermo Scientific), and DNA concentration was confirmed using the Qubit 2.0 

(Life Technologies). 

 

Ion Chromatography (For Water Chemistry Analysis): 

 Surface seawater samples were collected in 50 mL conical vials at each site in the 

inlet and diluted 1000X before injection into the Ion Chromatography machine. Ion 

chromatography (IC) is an analytical method used to determine the presence and 

concentration of chemical ions in solution, including phosphate, chloride, sulfate, nitrate 

and fluoride ions for this study. IC methods were completed by Dr. Song Gao, Associate 

Professor of Chemistry at NSU’s Farquhar College of Arts and Sciences (until July 1, 

2015) and then Halmos College of Natural Sciences and Oceanography (after July 1, 

2015). The IC analysis was performed using a Thermo Scientific Dionex ICS-1600 

(Bannockburn, IL). 
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Illumina MiSeq High-throughput sequencing sample preparation: 

 

 

 

 

 

 

 

 

 

  

 

Preparation of seawater samples for sequencing followed Illumina’s 16S 

Metagenomic Sequencing Library Preparation guide (Illumina, 2013). The workflow 

consisted of a two-step PCR, library quantification and normalization, and pooling of the 

libraries (Fig. 2).The amplicon primers used for the first step PCR were the universal 

primers, MIDf-515F and 806rc (Caporaso et al, 2011) which amplified the V4 region of 

the 16S gene. Attached to the locus-specific primers were forward and reverse overhang 

sequence adapters determined by Illumina. The overhang sequences were added so that 

the Illumina Nextera XT indices could attach to the locus-specific primers. The genomic 

DNA concentration for each sample was determined using the Qubit for normalization. 

Samples that had a concentration higher than 5 ng/µL were diluted to that value before 

running the PCRs. The PCR conditions for the first-step amplicon PCR were as followed: 

 
1st Step PCR 2nd Step PCR 

Library 

Quantification 

and 

Normalization 

Library Pooling, Denaturing, and MiSeq 

Sample Loading 

PCR Clean-Up 

PCR Clean-up 

Figure 2: Workflow of sample preparation for 16s metagenomic sequencing 
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The initial denaturation step was 95°C for 3 minutes. The initial denaturation step was 

followed by denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, and 

finally, extension at 72°C for 30 seconds. These steps were repeated for 25 cycles. The 

final step was extension at 72°C for 5 minutes and the reactions were held at 4°C 

indefinitely. The PCR products were cleaned-up using AMPure XP beads (Agencourt) 

and a magnetic plate as outlined in the 16S metagenomic library prep guide (Illumina, 

2013). The second-step PCR or index PCR attached the Nextera XT dual indices and the 

Illumina sequencing adaptors using the Nextera XT indexing kit (Illumina). The PCR 

conditions were as followed: The initial denaturation step was at 95°C for 3 minutes. 

Following the initial denaturation step a second denaturation occurred at 95°C for 30 

seconds. Then annealing occurred at 55°C for 30 seconds, followed by extension at 72°C 

for 30 seconds. These steps were repeated for 8 cycles. The last step was a final extension 

at 72°C for 5 minutes, and then reactions were held at 4°C indefinitely. The PCR 

products were cleaned-up using Ampure XP beads and a magnetic plate following the 

procedure outlined in Illumina’s 16S metagenomic library prep guide (Illumina, 2013).  

 After the completion of the two PCR reactions, library quantification, 

normalization, and pooling were completed. To calculate the DNA concentration in nM, 

average library size was determined using the 2200 TapeStation (Agilent Technologies) 

and DNA concentration was determined using the Qubit 2.0. High Sensitivity D1000 

ScreenTapes were used for the TapeStation. Samples were prepared for the TapeStation 

by following the protocol outlined in the Agilent High Sensitivity D1000 ScreenTape 

System Quick Guide (Agilent Technologies, 2013). Library quantification was 

determined by using the following calculation: 

(concentration in ng/µL)/(660 g/mol x avg. library size) x 106 = concentration in nM 

The libraries were diluted with 10mM Tris pH 8.5 to a final concentration of 4 nM for 

normalization. A total of 5 µL of DNA per library (sample) was mixed together for 

multiplexing of libraries.  

 Library denaturation and dilution was completed as outlined in the 16S 

metagenomics library preparation guide (Illumina, 2013). The final pooled DNA library 
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was diluted down to 4 pM and a 50% spike in of 12.5 pM PhiX was added to the pooled 

library. The 50:50 DNA library and PhiX control mix was loaded into a MiSeq V3 600 (2 

x 300) cycle kit and run on the MiSeq using targeted resequencing. The 16S 

metagenomics workflow was used and adaptor and primer trimming occurred previous to 

file generation. Upon the completion of sequencing, 2 FASTQ files, a forward and a 

reverse read, were generated for each of the 82 samples and were used for downstream 

analysis. 

Sequencing Analysis: QIIME Analysis: 

Raw sequences were analyzed using Quantitative Insights into Microbial Ecology 

(QIIME) version 1.8.0 (Caporaso et al. 2010). The forward and reverse paired-end reads 

were joined and converted to FASTA files using the program PANDAseq version 

2.8.1(Masalla et al, 2012), with a confidence level of 90%.  A mapping file was made 

containing all sample names and metadata for each sample. The mapping file consists of 

all samples and their associated metadata necessary to complete downstream analysis 

(http://qiime.org/documentation/file_formats.html#mapping-file-overview). The mapping 

file contains sample ID, linker primer sequence, and multiple description columns 

containing metadata (salinity, temperature, season, etc). The assembled paired-end reads 

were merged into one large file to be used in downstream analysis. Chimera checking 

was done using USEARCH  6.1 (Edgar, 2010), and chimeric sequences were removed 

from the dataset. Operational taxonomic units (OTUs) were picked using the cd-hit 

method (Li and Godzik, 2006), which works by using a “longest-sequence-first list 

removal algorithm” in order to group similar sequences. Pre-filtering steps were 

completed so that identical sequences, or those sequences that are sub-sequences of other 

sequences, were collapsed previous to OTU picking. During OTU picking, sequences 

with 97% sequence similarity were grouped into the same OTU. After OTUs were 

established a representative sequence was chosen from each OTU by using the default 

method in QIIME, which uses the first sequence listed in each OTU. Once the 

representative sequence was chosen for each OTU, the sequences were aligned to a 

database. The sequences were aligned using PyNAST (Caporaso et al, 2009) in QIIME. 

PyNAST uses a “gold” pre-aligned template made from the greengenes 13_8 reference 
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database (DeSantis et al. 2006; McDonald et al,2012). Sequences with less than 75% 

sequence identity with a minimum length of 150 bp were discarded and not used in 

downstream analysis. After alignment, sequences were assigned taxonomy using the RDP 

classifier with the greengenes 16S rRNA database. After taxonomy was assigned, an 

OTU table and a phylogenetic tree were generated. An OTU table was generated in the 

.biom file format, and the phylogenetic tree file was generated and saved in Newick 

format. These file types were used in downstream analysis in R statistical software(R 

Core Team, 2013).  

 

Sequencing/Statistical Analysis: QIIME and R  

Importing, Filtering, and Normalization 

The package phyloseq (McMurdie and Holmes, 2013) was used for downstream 

statistical analysis requiring the input of the OTU table and phylogenetic tree files 

generated in QIIME. The .biom file and the .tre file were imported into R and merged 

into one data matrix using the import_biom command. The mapping file was imported 

into R and merged with the OTU table and phylogenetic tree data matrix using the 

merge_phyloseq command. Rank names were checked to make sure that the data matrix 

contained all taxonomic ranks using the rank_names command. The 

parse_taxonomy_greengenes command was used to generate taxonomy and produce 

proper taxonomic rank names. An extra rank name was added to the data matrix and was 

removed using the tax_table command. A new phyloseq object was generated to include 

only taxa with a relative abundance of greater than 1%, to exclude rare microbiota for 

beta diversity analysis. This generated a phyloseq object containing the core microbiome 

of surface water samples in the Port Everglades Inlet. Data was normalized to the 

smallest library size of all the samples, which was 5666 reads, using the 

transform_sample_counts command. After normalization, rank abundance curves were 

generated for the top 100 OTUs.  
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Alpha Diversity QIIME 

Rarefaction Curves: 

 Rarefaction curves were generated in QIIME using the make_rarefaction_plots.py 

command. Rarefaction curves are used to compare diversity between samples using plots 

to determine if existing diversity was fully captured. The curves plot the number of 

sequences per sample by a specified diversity index. A steep curve that does not reach a 

plateau indicates that sampling depth was insufficient to resolve full bacterial diversity. A 

steep curve reaching a plateau indicates that sampling depth was sufficient to capture full 

bacterial diversity and no further sampling or re-sequencing is needed.  

Alpha Diversity Phyloseq 

 Alpha diversity was measured by first removing all OTUs with counts of zero. 

The data was then rarefied to 5666 reads for all samples with replacement 100 times 

using the rarefy_even_depth command in order to analyze all samples at an even 

sequencing depth. Richness and evenness estimates were determined using the plyr 

package and the apply command (Wickham, 2011). Shannon, Simpson, Observed, and 

Chao1 alpha diversity estimates were generated and plotted. Community composition 

barplots were created using the top 500 OTUs for phylum and genus and the top 100 

OTUs for class, order, and family using the ggplots (Wickham, 2009) package in R. A 

non-parametric kruskal-wallis test was used to complete pairwise comparisons to 

determine significant differences in the alpha diversity between month, location, and the 

interaction term month and location.   

 

Beta Diversity 

 Beta diversity analysis was conducted by calculating both Bray-Curtis distance 

and weighted Unifrac distance in the phyloseq package. Bray- Curtis distance quantifies 
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compositional dissimilarities between site, month, and season, based on the number of 

counts for those criteria (Faith et al, 1987). Weighted Unifrac distance is a quantitative 

measure that determines changes in abundance (Lozupone et al, 2007). After calculating 

both Bray-Curtis dissimilarity and weighted Unifrac values, ordination plots were 

generated. PCoA plots and NMDS plots were generated for location, month, and season. 

The non-parametric Adonis test was used to complete pairwise comparisons of the 

samples for month, location, and season. A p-value less than 0.05 is considered 

significant and this statistic tells you how likely it is your results occurred by chance. The 

R2 value is used in Adonis testing and provides a value that indicates how much of the 

variation in the distances is explained by the grouping being tested.  

Pathogen Detection 

 Potentially pathogenic bacteria were detected by filtering out the orders known to 

contain pathogens of interest using the subset_taxa command in phyloseq. The filtered 

orders were pruned to contain only the top 50 OTUs from the subset of data in the 

previous step. The abundance, genus, and month were plotted using the plot_bar 

command in phyloseq. 

Regression Analysis with Environmental Metadata 

A series of Multiple least Squares Regression’s were used to assess possible 

relationships between each bacterial taxa and the environmental variables taken as part of 

the study.  A backward Selection method was used with both entry and model retention 

set at alpha=0.10.  All regression analyses were carried out using SAS Statistical 

Software (SAS Institute). 
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Section IV: Results 

MiSeq Output  

A total of 151 samples were collected weekly from Port Everglades Inlet from 

July 2013-June 2014. A total of 42 samples from the marker 9 site and a total of 40 

samples from the boat basin site were used for DNA sequencing resulting in an overall 

total of 82 samples that were sequenced. The V4 hypervariable region of the 16S rRNA 

gene was sequenced due to evidence that it generates the most accurate taxonomic results 

when using Illumina technology (Shah et al, 2010, He et al, 2013 and Fadrosh et al, 

2014). The total number of raw DNA sequences generated from MiSeq sequencing was 

1,435,072 with Q scores greater than 30.  The average number of reads per sample was 

17,287. The minimum number of reads per sample was 5,666 and the maximum number 

of reads per sample was 80,122. Sequences were checked for chimeras using USEARCH 

6.1. Chimeric sequences are sequences composed of DNA from two or more parent 

sequences. The sequences, if not removed, can be classified as novel sequences, when 

they are truely PCR artifacts. A total of 25,020 sequences were removed after chimera 

checking. Filtering and OTU picking was done with the remaining 1,410,052 sequences. 

The CD-HIT method was used for OTU picking because it is recommended for datasets 

with larger than 100,000 sequences. Pre-filtering was completed to remove identical 

sequences and subsequences. After filtering, a total of 395,009 unique sequences were 

left with an average amplicon size of roughly 250 basepairs. OTU picking was completed 

with a cluster cutoff of 97% pairwise identity. A total of 16,384 OTUs were generated 

from 395,009 sequences. Taxonomy was assigned using the Greengenes 13_8 database 

and sequences were aligned using PyNAST. A total of 2,555 sequences did not align to 

the reference database and were removed from the analysis. The remaining sequences 

were for all further downstream analyses.  
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Alpha Diversity 

Rarefaction Curves: Rarefaction curves were generated in QIIME and phyloseq to 

determine if sampling depth was sufficient to fully capture and characterize diversity of 

the water samples by plotting alpha diversity against simulated sequencing effort. 

Rarefaction curves were generated for both Chao1 richness estimator and Shannon  

diversity index in QIIME and were rarefied to 15000 reads (Figs. 3 and 4). Curves for 

Observed species richness and Shannon diversity were generated in phyloseq without 

rarefaction. The non-rarefied curve and rarefied curves both show similar results when 

looking at diversity indices. The Chao1 curve, which accounts for both species richness 

and abundance, shows a steep incline with gradual flattening of the curve. The curves do 

not reach a full plateau indicating that full bacterial diversity may not be represented. The 

observed species curve generated in phyloseq also accounts for both species richness and 

 

 

Figure 3: Rarefaction curves of month for Chao1 diversity indices. Curves 

generated in QIIME 1.8.0. 
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diversity and shows a similar distribution (Fig. 5). The Shannon diversity curves, which 

account only for species richness, display steep curves with complete plateaus indicating 

the likeliness that full bacterial diversity was captured (Figs. 3 and 5). The samples that 

did not reach diversity saturation were included in further downstream analyses. 

 

 

 

 

Figure 4: Rarefaction curves of month for Shannon diversity indices. Curves 

generated in QIIME 1.8.0. 
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Figure 5: Rarefaction curves of month for Observed Species and Shannon diversity 

indices. Curves generated in Phyloseq 
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Rank Abundance Curve 

 Rank abundance curves depict relative abundance and species diversity within a 

community by plotting relative abundance of species against their rank in abundance 

(Fig. 6).  Rank abundance curves provide information at a glance regarding community 

composition. A high diversity environment will have a gradual curve with a few high 

abundance species and a long tail indicating the presence of singletons. A lower diversity 

curve will have a steep slope with a shorter tail comprised of singletons. The rank 

abundance curve displays the top 50 OTUs in the Port Everglades Inlet samples. The 

slope of the curve is relatively gradual indicating that the diversity of the water samples is 

comparably high. The most abundant OTU (2717) is classified as being the family 

Rhodobacteraceae in the phylum Proteobacteria. The second most abundant OTU (1389) 

is classified as being the family Cryomorphaceae in the phylum Bacteroidetes. 

 

Figure 6: Rank abundance plot of top 500 OTUs in dataset. The top 10 OTUs are 

Rhodobacteraceae (2717), Cryomorphaceae (1389), Synechococcaceae (2398), Unclassified 

bacteria (1018), Stramenophiles (2842), Rhodobacteraceae (3433), Synechococcaceae (2865), 

Halomonadeceae (3416), Halomonadeceae (1932), Alphaproteobacteria (3046). 
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Alpha Diversity Indices 

Port Everglades Inlet surface water samples were analyzed by high-throughput MiSeq16s 

DNA 

sequencing to 

determine total 

microbial 

composition. 

Quality filtering 

of sequences 

was completed 

and community 

richness and 

diversity 

measures were 

calculated for all 

samples. Alpha 

diversity is 

species diversity 

or richness 

within a sample, 

community, or habitat. 

To compare alpha diversity metrics non-parametric (Monte Carlo) two-sample t-tests 

were run. No significant differences (P>0.05) were observed between alpha diversity 

metrics for the t-tests (Chao1,Shannon, Simpson, Observed; Data in supplementary 

index). The month of August showed the lowest amount of species richness, while the 

months of November and December showed the highest amount of species richness 

(Figs. 7 and 8). 

 

 

Figure 7: Community richness boxplot by month. Data rarefied to 500 

reads per sample 
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Relative Abundance of Microbes in Port Everglades Inlet 

 Relative microbial abundance of Port Everglades Inlet water samples are depicted 

using stacked bar charts and a frequency vs. relative abundance scatter plot. The scatter 

plot illustrates the 6 most abundant bacterial phyla found in all of the sequenced samples 

along with the frequency in which they are observed in the samples. The top 7 most 

abundant phyla are Actinobacteria, Cyanobacteria, Proteobacteria, Bacteroidetes, 

Euryarchaeota. Firmicutes, and Verrucomicrobia (Fig. 9). The majority of the most 

Figure 8: Alpha diversity index plots. Points are colored by sample location. 
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common phyla are in the Bacterial domain, except for Euryarchaeota, which falls in the 

Archaeal domain. 

Stacked taxa summary bar charts depict the relative abundance of microbes at 

different 

taxonomic levels 

for the top 1000 

OTUs at the 

phylum level and 

the top 500 OTUs 

at the class and 

genus level for 

organisms present 

in greater than 1% 

in all samples. A 

Kruskal-Wallis 

test was completed 

to see if there were 

significant 

differences in 

community 

composition 

between months, 

locations, or seasons. The Kruskal-Wallis test showed significance when comparing the 

month of August with the months of December, October, and November as well as 

between seasons. No significant differences are observed by location. Taxonomic 

classification of the top 1000 OTUs at the phylum level comprises 96% of the full dataset 

and shows that Proteobacteria dominate the microbial species composition in all months 

except for August, September, and October, with the percent composition ranging from 

34-51% (Fig. 10). Cyanobacteria dominate the species composition in August, 

September, and October comprising 38-45% of the samples in those months (Fig. 10). 

Bacteroidetes is largely present in water samples for all months ranging from 16-34% 

Figure 9: Average relative abundance vs. frequency plot for top 6 

most abundance bacterial phyla in dataset 



 41 

composition, with fluctuations in species composition corresponding with fluctuations in 

Cyanobacteria composition (Fig. 10). Actinobacteria is present in all water samples at a 

lower abundance ranging from 2-4% in the samples (Fig 10). Seasonal trends in species 

composition can also be seen with Proteobacteria and Bacteroidetes being most abundant 

during the dry season and Cyanobacteria being most abundant during the wet season (Fig 

10).  

The top 500 OTUs were used to generate species composition bar plots at the 

class and genus taxonomic levels. The top 500 OTUs represent 90% of the total dataset 

for organisms present in greater than 1% in all samples. The most abundant group at the 

class level is Flavobacteriia followed by Alphaproteobacteria (Fig 11). Seasonal trends 

are observed in the family Synechococcophycideae in which abundance doubles in the 

wet season months.  

 

 

 

 

 

 

 

 

 

 Figure 10: Taxa summary of relative abundance at phylum taxonomic level 
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Figure 11: Taxa summary of relative abundance at class taxonomic level 
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The most drastic shifts in community composition are observed at the genus 

taxonomic level (Fig 12). Candidatus Portiera and Synechococcus largely dominate the 

microbial abundance at this level. Synechococcus shifts in abundance are seen with 

changes in season, with the wet season having the highest abundance.  The 

presence/absence of different taxa in different months is evident at the genus taxonomic 

level (Fig. 12). The taxon Psychroserpens is present in samples from November of 2013 

to June of 2014, but is not present in samples taken from July to October of 2013. The 

presence of Coraliomargarita is seen in higher abundance in the months of November, 

December, and January but is lacking, or very scarce in the other months of the year (Fig. 

12). The presence of Candidatus Xiphinematobacter is only seen in the months of July 

and August, while Polaribacter is only seen in September (Fig. 12).  

Figure 12: Taxa summary of relative abundance at genus taxonomic level 
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Beta Diversity 

Beta diversity is used as a measure to compare samples to each other by 

calculating distances between pairs of samples. Beta diversity for Port Everglades Inlet 

surface water samples was determined by calculating both Bray-curtis dissimilarity and 

weighted Unifrac distance. These data are portrayed using Non-Metric Multidimensional 

Scaling (NMDS) ordination plots, which compare groups of samples using phylogenetic 

or count-based distance measures. Adonis tests were run on samples to analyze the 

strength of significance that a specific group has in determining variations in distances 

between samples. Adonis test are often used to analyze differences in composition and 

relative abundance of different species that comprise different samples, sites, etc.  Results 

were considered significant is less than the value for Alpha at 0.05. 

Location 

 Water samples were taken from two locations in Port Everglades Inlet. Changes 

in beta diversity were analyzed by calculating Bray-Curtis dissimilarity and weighted 

Unifrac distance (Figs. 13 and 14). The results of the both the weighted Unifrac and 

Bray-Curtis dissimilarity show no distinct clustering of samples, meaning that there are 

no differences in beta diversity by location. To analyze this statistically an Adonis tests 

were run for both Bray-Curtis and weighted Unifrac distance and results concluded that 

there were no significant differences between beta diversity for location (P > 0.05, R 

2=0.0137 (Bray-Curtis); P > 0.05, R2=0.0146(Unifrac)).  
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Figure 14: NMDS plot of weighted Unifrac distance by location 

Figure 13: NMDS plot of  Bray-Curtis dissimilarity by location 
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Season 

 Southern Florida has two main seasons. The wet season, which ranges from May-

September and the dry season, which ranges from October-April. Significant differences 

in microbial community composition were observed between seasons.  There is evident 

clustering of samples by season in the ordination plots (Figs. 15 and 16). Adonis tests 

were run to assess statistical significance of changes in community composition. The 

results for both the Bray-Curtis dissimilarity and weighted Unifrac distance are 

significant (P<0.05, R2 = 0.157 (Bray-Curtis); P<0.05, R2 = 0.203 (Unifrac)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: NMDS plot of Bray-Curtis dissimilarity by season 
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Month 

 A major objective in this study was to analyze the Port Everglades Inlet surface 

water on a finer time scale then had previously been done. Water samples were taken 

weekly for a year to allow for samples to be analyzed by month. To determine if there 

were differences in the microbial community composition by month an Adonis test was 

run using Bray-Curtis dissimilarity values and weighted Unifrac values. The results for 

these tests came back significant (P<0.05, R2 = 0.605 (Bray-Curtis); P<0.05, R2 = 

0.706)). After determining that community composition differed significantly by month, 

multiple pairwise comparisons between all months were done using Bray-Curtis 

dissimilarity values. An Adonis test was used to evaluate significant differences between 

pairs of months.  

 

 

Figure 16: NMDS plot of weighted Unifrac distance by season 
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Months P-Value R2 

Jan_Feb 0.001 0.231 

Jan_Mar 0.001 0.341 

Jan_Apr 0.001 0.358 

Jan_May 0.001 0.443 

Jan_Jun 0.001 0.393 

Jan_Jul 0.002 0.580 

Jan_Aug 0.001 0.654 

Jan_Sept 0.001 0.599 

Jan_Oct 0.001 0.597 

Jan_Nov 0.002 0.306 

Jan_Dec 0.001 0.320 

Feb_Mar 0.001 0.237 

Feb_Apr 0.002 0.305 

Feb_May 0.001 0.365 

Feb_Jun 0.001 0.238 

Feb_Jul 0.004 0.476 

Feb_Aug 0.001 0.568 

Feb_Sept 0.001 0.475 

Feb_Oct 0.001 0.453 

Feb_Nov 0.001 0.281 

Feb_Dec 0.002 0.292 

Mar_Apr 0.001 0.350 

Mar_May 0.001 0.430 

Mar_Jun 0.001 0.410 
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Mar_Jul 0.001 0.584 

Mar_Aug 0.003 0.654 

Mar_Sept 0.001 0.578 

Mar_Oct 0.001 0.565 

Mar_Nov 0.001 0.301 

Mar_Dec 0.002 0.342 

Apr_May 0.001 0.195 

Apr_Jun 0.003 0.308 

Apr_Jul 0.004 0.552 

Apr_Aug 0.002 0.612 

Apr_Sept 0.001 0.556 

Apr_Oct 0.001 0.553 

Apr_Nov 0.001 0.344 

Apr_Dec 0.003 0.421 

May_Jun 0.001 0.211 

May_Jul 0.001 0.546 

May_Aug 0.001 0.597 

May_Sept 0.001 0.567 

May_Oct 0.001 0.550 

May_Nov 0.001 0.380 

May_Dec 0.001 0.478 

Jun_Jul 0.015 0.375 

Jun_Aug 0.001 0.450 

Jun_Sept 0.001 0.400 

Jun_Oct 0.001 0.390 
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Jun_Nov 0.001 0.351 

Jun_Dec 0.001 0.377 

Jul_Aug 0.018 0.312 

Jul_Sept 0.012 0.262 

Jul_Oct 0.007 0.348 

Jul_Nov 0.004 0.535 

Jul-Dec 0.001 0.488 

Aug_Sept 0.001 0.270 

Aug_Oct 0.001 0.375 

Aug_Nov 0.001 0.600 

Aug_Dec 0.001 0.579 

Sept_Oct 0.047 0.133 

Sept_Nov 0.001 0.497 

Sept_Dec 0.001 0.462 

Oct_Nov 0.001 0.485 

Oct_Dec 0.004 0.455 

Nov_Dec 0.026 0.197 

Table 2: Results of multiple comparison Adonis tests by month. Alpha= 0.01. 

 

 Results of the Adonis test reveal that all month comparisons were significant, but not at 

the same level. Some months show lower p-values than others, indicating these months 

had more differences in microbial community composition. The NMDS plots for both 

Bray-Curtis dissimilarity and weighted Unifrac show evident clustering of samples by 

month (Figs. 17 and 18). The weighted Unifrac plot shows more distinct clustering then 
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the Bray-Curtis dissimilarity plot. The interaction between month and location was also 

tested but results were insignificant (P>0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: NMDS plot of Bray-Curtis dissimilarity by month 

Figure 18: NMDS plot of weighted Unifrac distance by 

month 
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Pathogens 

 Orders known to contain pathogenic organisms were partitioned out from the 

overall dataset and filtered to the top 100 OTUs in that class to determine how much of 

the community composition was made up of pathogens in water samples from Port 

Everglades Inlet. The major orders partitioned out from the Firmicutes phylum are 

Bacillales, Clostridiales, and Lactobacillales. The orders partitioned out from the  

Proteobacteria phylum are Enterobacteriales, Campylobacterales, and Vibrionales.  

Bacillales, Clostridiales, and Lactobacillales 

The top 50 OTUs in each order were plotted using a stacked bar chart of 

abundance level vs. month the samples were taken. The fill on the chart is genus level 

classification. The most common taxa in the Bacillales order contain three pathogenic  

genera, Staphylococcus, Bacillus, and Paenibacillus. Of these three genera only 

Staphylococcus and Bacillus contain strains which are pathogenic to humans. The 

presence of Staphylococcus is in higher abundance than any other genus in this order. 

Figure 19: Taxa summary and abundance levels of top 50 OTUs in 

Bacillales order. Used to determine the presence of pathogens. Color 

designations are shown on the right, while white indicates unclassified.  
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Paenibacillus is only present in samples taken in July, September, and November of 2013 

(Fig 19). Bacillus is seen in July, October, November, and March. While these organisms 

are present in the samples, the only genus with relatively high abundance is 

Staphylococcus (Fig. 19). 

The order Clostridiales has three classified genera in the top 50 OTUs. The only 

genus in this order that contains pathogenic strains is Clostridium. This is also the genus 

that is seen in the highest abundance in this order (Fig. 20).  

 

 

 

 

 

 

 

 

 

 

The top 50 OTUs in the Lactobacillales order contain seven main genera. Of 

these seven genera, four are known to have pathogenic strains, Alloiococcus, 

Enterococcus, Leuconostoc, and Streptococcus. The most abundant genera is 

Streptococcus, it is present in all months except for November and May (Fig. 21). 

Figure 20: Taxa summary and abundance levels of top 50 OTUs in Clostridiales 

order. Used to determine the presence of pathogens. Color designations are shown 

on the right, while white indicates unclassified. 
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Alloiococcus and Enterococcus are only present in samples from the month of September 

(Fig 21).  

 

 

 

 

 

 

 

 

 

 

 

  

 

Enterobacteriales, Campylobacterales, and Vibrionales 

 The results of the presence of pathogenic organisms in the Enterobacteriales 

order show that of the top seven most abundant genera, five of them contain pathogenic 

strains, Candidatus Phlomobacter, Citrobacter, Dickeya, Morganella, and Providencia. 

The pathogens in these genera are mostly opportunistic and don’t commonly cause 

Figure 21: Taxa summary and abundance levels of top 50 OTUs in Lactobacillales 

order. Used to determine the presence of pathogens. Color designations are shown 

on the right, while white indicates unclassified. 
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human infections. Of the five genera containing pathogenic strains, Candidatus 

Phlomobacter and Dickeya are plant pathogens. The most abundant genus is Citrobacter  

and appears in relatively high abundance (in comparison to other genera in this order) in 

all months (Fig. 22). This genus can be pathogenic in humans, but is most often not 

unless the  

 

 

 

 

 

 

 

 

 

 

 

person is immunocompromised. The genus Providencia is an opportunistic pathogen and 

is only seen in the month of June (Fig. 22).  

 

Figure 22: Taxa summary and abundance levels of top 50 OTUs in Enterobacteriales 

order. Used to determine the presence of pathogens. Color designations are shown on the 

right, while white indicates unclassified. 
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 The order Campylobacterales only contained two classified genera in quantifiable 

abundance. Of these two genera only Helicobacter is a known human pathogen. 

Helicobacter is not present in high abundance in the Port Everglades water samples and 

is only seen in the month of October (Fig. 23). Overall, this order did not contain many 

classified organisms down to the genus level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

The Vibrionales order did not contain any known classified pathogens in the top 

50 OTUs. This order was composed of the Pseudoalteromonas and Photobacterium 

genera. The Photobacterium genus was only seen in month of March (Fig. 24) 

 

 

 

Figure 23: Taxa summary and abundance levels of top 50 OTUs in Campylobacteriales 

order. Used to determine the presence of pathogens. Color designations are shown on 

the right, while white indicates unclassified. 
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Figure 24: Taxa summary and abundance levels of top 50 OTUs in Vibrionales order. 

Used to determine the presence of pathogens. Color designations are shown on the right, 

while white indicates unclassified. 
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Ion Concentration, Environmental Metadata Correlations, and Linear Regression 

Analysis: 

 Environmental metadata such as salinity, rainfall, and water temperature were 

examined for trends against the top 100 OTUs at the phyla level. An interesting trend 

seen in the data is that Proteobacteria and Cyanobacteria show an inverse trend in 

abundances, which correlates with temperature and rainfall data to some degrees (Fig. 

25). 

Figure 25: Correlation between top phyla abundance and environmental metadata: salinity, 

temperature, and precipitation 

 

 Multiple least Squares regression analysis was completed using the number of 

reads for the top nine most abundant bacterial classes and environmental metadata: 

chloride ion, sulfate ion, rainfall, water temperature and salinity (Table 3). The level of 

alpha was set to 0.10 for statistical significance. The R2 value is the measure used to 
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determine how well the data fits the regression line. The higher the R2 values the better 

the data fits the model.  

 

 Gamma Flavoba

cteriia 

Acido

microb

iia 

Alpha Chloroplast Beta Synechcoccophycideae Actinobacteria Unclassified 

R-

Squared 

0.21 0.21 0.21 0.13 0.13 0.14 0.20 0.21 0.07 

Salinity 0.0173 0.101 0.0013 0.0008 NA 0.000

5 

NA 0.0514 NA 

Water 

Temperat

ure 

0.0601 0.0204 NA NA NA NA 0.001 0.0001 NA 

Chloride 

Ion 

NA NA NA NA 0.0016 NA 0.0155 NA NA 

Sulfate 

Ion 

NA NA NA NA 0.0016 NA NA NA NA 

Rainfall NA NA NA NA NA NA NA NA 0.0184 

Table 3: Results of multiple least squares linear regression analysis using SAS. Alpha =0.10. All 

values greater than alpha were not included. Values less than 0.10 were considered to be 

statistically significant. Gamma, Alpha, and Beta table headings refer to the classes 

Gammaproteobacteria, Alphaproteobacter, and Betaproteobacteria and were shortened for spatial 

reasons. 

 Results for the class Gammaproteobacteria (R2=0.21) show a significant 

relationship with salinity (p=0.0173) and water temperature (p=0.0601). The class 

Flavobacteriia(R2=0.21) show a significant relationship with salinity (p=0.101) and water 

temperature (p=0.0204). The class Acidomicrobiia (R2=0.21) show a significant 

relationship with salinity (p=0.0013). The class Alphaproteobacteria (R2=0.13) show a 

recognizable relationship with salininty (p=0.0008). The class Chloroplast (R2=0.13) 

show a recognizable relationship with chloride ion concentration (p=0.0016) and sulfate 

ion concentration (p=0.0016). The class Betaproteobacteria (R2=0.14) show a 

recognizable relationship with salinity (p=0.0005). The class Synechococcophycideae 

(R2=0.20) show a significant relationship with water temperature (p=0.001) and chloride 

ion concentration (p=0.0155). The class Actinobacteria (R2=0.21) show a significant 

relationship with salinity (p=0.0514) and water temperature (p=0.0001). The unclassified 

bacterial groups (R2=0.07) had a somewhat weak relationship with rainfall (p=0.0184). 
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The R-squared values are lower than expected, but at least some of the variations can be 

explained by the model to some extent.  

Section V: Discussion 

 The objective of this study was to characterize the surface water bacterioplankton 

community in Port Everglades Inlet on a finer sampling scale than has been previously 

done (Campbell et al, 2015). This is the first study, to my knowledge, that has been 

completed solely on Port Everglades Inlet utilizing Illumina MiSeq DNA sequencing 

technology. Previous to this, majority of the sampling efforts in the inlet were for human 

enteric pathogens, fecal indicator bacteria, and nutrient monitoring (Futch et al., 2011; 

Collier et al., 2008; Craig unpublished, 2012). Data from this study can be used in 

conjunction with previous and future monitoring efforts in the port to provide a 

comprehensive overview of Port Everglades Inlet surface water microbiome and provide 

a baseline for comparison in future years. 

Port Everglades Inlet and Sample Collection 

 Port Everglades Inlet was chosen as an interesting study site for this project 

because it is one of the busiest cruise ship and cargo ports in the country and is constantly 

under human influence via cruise, cargo, and recreational ship traffic. The inlet has 

constant boat traffic with the total number of ships called into the port in 2013 exceeding 

3,850 and increasing to over 3,970 in 2014. These numbers do not include any personal 

or recreational boats entering the inlet that do not dock there. The total number of 

passengers that entered the port via cruise ships was 3,600,636 in 2013, rising to 

4,001,354 in 2014. The total number of barrels of petroleum brought into the port in 2013 

was 109,080,601 increasing to 112,370,083 in 2014. The ports total revenue for both 

2013 and 2014 were record highs generating over $142.9 million dollars in 2013 and over 

$146.8 million dollars in 2014 (Port Everglades Commerce Report, 2013; Port 

Everglades Commerce Report, 2014). Port Everglades is a major source of income for 

Broward County, but is also a major source of pollution into the surrounding marine and 

coastal environments (Banks  et al., 2008; Carrie Futch et al., 2011; Walker et al., 2012). 

Therefore, examining fluctuations of the inlet’s microbiome throughout the year provides 



 61 

valuable baseline data to help manage and maintain the health of the inlet ecosystem as 

well as the coastal areas and marine environments adjacent to the inlet. 

 Surface water samples were collected in 1 L glass Pyrex bottles in Port 

Everglades Inlet. Water samples were filtered within 30 minutes of collection using a 

vacuum pump and 0.45µm pore size filter. The filter size of 0.45 µm is not ideal as the 

size range for most bacteria is from 0.2-0.5 µm, therefore, some organisms may have 

passed through the filter (Water Quality Association, 2015). For future studies a 0.1-0.2 

µm filter is recommended to ensure that no microbes pass through the filter. A recent 

study completed by Padilla and colleagues (2015) concluded that both pore size, and 

amount of water filtered can drastically bias microbial community diversity in 16s 

amplicon studies. They suggested that filter fractionation of samples should only be used 

for quantitative comparisons if variations in sample volume are shown to be negligible 

(Padilla et al., 2015). In this study the same sample volumes and pore sizes were used for 

all samples, and results are therefore considered accurate. 

 

Alpha Rarefaction Curves as a Measure of Sampling and Sequencing Efforts 

 Rarefaction curves are generated to determine if sampling depth was sufficient to 

capture full species diversity in the samples. In this study rarefaction curves were 

generated in both QIIME and phyloseq. The results for both curves were similar. The 

rarefaction curves for Shannon Diversity, which accounts for community richness and 

evenness, completely plateau meaning that it is likely that full species diversity was 

captured for all samples at the current sampling effort. In contrast to this, the rarefaction 

curves for Observed species and Chao1, which are species richness estimators and 

account for the presence of singletons, do not reach a complete plateau, even at the 

highest number of reads (80,122). This indicates that sampling efforts were not saturated. 

The reason that these two indices show contrasting results is based on how the indices are 

calculated. When calculating the Shannon Index the equation uses the proportions 

organisms in the sample. If there are a lot of counts for one organism it is likely that this 

organism will be randomly sampled more times than something without as many counts, 
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no matter what the sequencing depth is set too. If sequencing depth is increased for the 

rarefaction, the overall proportions of the organisms will remain relatively the same 

making the Shannon Index a relatively stable measure, generating curves that reach a 

plataue. The Chao1 and Observed Species Indices differ from the Shannon Index because 

the curves for these indices increase as rarefaction depth increases. This occurs because 

these measures account for singletons, or unique taxa, present in the samples. 

Consequently, if only one count of a specific organism is obtained from sequencing, if 

the sequencing depth is set deep enough, the rarefaction will find it increasing the number 

of observed species, and accordingly increasing the slope of the curve.  

 In this study, when including all samples, full sequence diversity was not captured 

because equal sequencing depth was not reached in all samples. While the proportions of 

different taxa in the samples remain relatively stable, samples with higher number of 

reads had more unique taxa, resulting in increased species richness. In future studies, 

resequencing of samples with a low number of reads in comparison to other samples can 

help to reach equal sequencing depth and capture full sequence diversity. 

Rank Abundance Curve 

 The rank abundance curve at 97% sequence similarity shows that the Port 

Everglades Inlet surface water samples are relatively high diversity samples. The slope of 

the curve is gradual with a longer tail indicating the presence of singletons, increasing 

diversity of the samples. To ensure that these singletons are not sequencing artifacts 

chimera checking was completed on all sequences. The front-end of the curve indicates 

that a few OTUs are dominant in the samples. The two OTUs with the highest rank 

abundance belong to the family’s Rhodobacteraceae (2717) and Cryomorphaceae (1389). 

Both of these organisms have been found in high abundance in previous coastal water 

and inlet studies (Campbell et al., 2015; Baltar et al., 2015). 

Comparison of Alpha Diversity Indices 

Alpha diversity indices were calculated to determine community diversity and 

community richness for Port Everglades Inlet water samples. The results for Observed 

Species, Chao1, Shannon, and Simpson diversity indices showed relatively similar levels 
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of diversity between all months, with no significant differences. The Shannon and 

Simpson diversity indices only represent species richness, and do not account for 

abundance of organisms. The Chao1 and Observed Species indices account for both 

species richness and abundance measures. The months of November, January, and April 

showed high abundance and high diversity levels, with November and January also being 

very high in species richness. The month of July shows very high species richness but 

low species abundance. The month of August was the lowest in species richness, 

abundance, and diversity levels. A previous study completed on Port Everglades Inlet 

showed similar diversity estimation values except for in the month of April, where low 

species richness was observed (Campbell et al.,2015).  

Microbial Community Composition Taxa Fluctuations: Location, Month, and Season 

 The most abundant phyla in all samples (>1%) were Proteobacteria, 

Cyanobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia, and Euryarchaeota. 

These organisms are consistent with previous studies completed on marine coastal waters 

(Campbell et al., 2015; Gifford et al., 2014; Elifantz et al., 2013; Rappe et al., 2000). 

Significant differences in community composition were seen in alpha diversity when 

comparing the month of August with the months of December, October, and November. 

This is most likely due to the low species richness, diversity, and abundance seen in the 

samples for the month of August. The low species richness, diversity, and abundance 

values in August, could be due to the abnormally low rainfall for this month. Beta 

diversity compares differences among groups. In this study the groups examined were 

location, month, and season. Significant differences were observed only when comparing 

the groups for month and season. Location was excluded as a variable from any further 

analysis. At the phylum taxonomic level only slight fluctuations in microbial community 

composition can be seen throughout the year. The most drastic shifts occur with 

Cyanobacteria, which decrease in relative abundance during the winter months, or dry 

season, and increase in abundance during the summer and early fall, or wet season 

months. My data correlates with previous observations of increased cyanobacterial 

blooms in Florida’s coastal and freshwater ecosystems in the late summer and early fall 

months. The blooms are caused by warm water conditions paired with increased sunlight 
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levels, and nutrient loading from urban runoff (Flombaum et al., 2013; Florida 

Department of Environmental Protection, 2011). . At the class taxonomic level the most 

common taxa were Alphaproteobacteria, Flavobacteriia, Synechoccophycideae, 

Chloroplast, Gammaproteobacteria, Actinobacteria, and Acidimicrobiia. These results are 

similar to taxonomic composition seen in other coastal microbial community studies 

(Campbell et al., 2015; Gifford et al., 2014; Elifantz et al., 2013; Rappe et al., 2000). 

More pronounced fluctuations in microbial community composition are observed at the 

class taxonomic level, specifically with Synechoccophycideae, in which relative 

abundance doubles during the wet season months, while Flavobacteriia decreases during 

that same time. Synechoccophycideae is the most abundant organism in the 

Cyanobacteria phylum, and therefore would be expected to have a similar shift in 

abundance to what was seen at the phylum level. The class Chloroplast, which is also in 

the Cyanobacteria phylum, was abundant in the samples. Interestingly, this class shows 

no noticeable monthly or seasonal shifts, despite the overall fluctuations seen in the 

Cyanobacteria phylum. The most pronounced shifts in microbial composition can be seen 

at genus level classification. The most abundant organisms at the genus level were 

Candidatus portiera and Synechococcus. These two organisms were also seen in the 

highest abundance in a previous study completed on Southeast Florida’s inlets, outfalls, 

and reef environments (Campbell et al., 2015).  

Significance of Abundant Taxa and Correlation with Environmental Metadata 

 The most abundant bacterial phyla seen in this study were Proteobacteria, 

Bacteroidetes, Cyanobacteria, and Actinobacteria. The most abundant classes were 

Alphaproteobacteria, Flavobacteriia, Synechoccophycideae, Chloroplast, 

Gammaproteobacteria, Actinobacteria, and Acidimicrobiia. Bacterioplankton in these 

classes have been shown to dominate many coastal and oceanic waters (Campbell et al., 

2015; Gifford et al., 2014; Williams et al., 2013; Elifantz et al., 2013; Rappe et al., 

2000). Within these taxonomic ranks, there are many microbial organisms that play 

important roles in biogeochemical, energy, and nutrient cycling in the oceans (Georges et 

al., 2014; Gonzalez and Moran, 1997). Therefore it is important to examine the presence 
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of these organisms in an ecosystem known to be a point source of pollution to 

surrounding marine environments. 

 

 

Alphaproteobacteria 

Alphaproteobacteria have been shown to dominate the world’s oceans surface 

water microbial habitats (Biers et al., 2009; Giovannoni and Stingle, 2005). Abundant 

microbial members observed from this class in this study were Rhodobacterales, 

Pelagibacteraceae, Pseudonana, and Rhodospirillales. The most dominant organism being 

members of the Rhodobacterales order. Members of this order have been documented to 

be rapid primary surface colonizers in Atlantic Ocean coastal waters and have also been 

observed as primary biofilm colonizers in subtropical and tropical coastal waters 

(Elifantz et al. 2013; Dang et al., 2008). Previous studies investigating the responses of 

bacterioplankton to additions of anthropogenic stressors (nutrient enrichment and 

acidification) showed increased abundance of Rhodobacteraceae in response to increased 

nutrient availability. This study was completed by season, showing an increased 

abundance of Rhodobacteraceae from early spring into summer months.  While data in 

this study reflects an increased abundance of Rhodobacterales in the early spring months, 

this group is also in high abundance during some of the winter months. The increased 

abundance of this group may be caused by peak shipping season, which runs from 

November to April, and may increase the amount of anthropogenic influences introduced 

into the inlet waters.  Another possible reason in which this increase in abundance may be 

seen in these months could be due to the absence of Rhodospirillales. In a paper by 

Ahrendt and colleagues(2014) it was observed that a sharp drop in the abundance of 

Rhodobacterales was seen in response to an increased abundance of Rhodospirillales. 

These bacteria are purple-sulfur phototrophs and are often enriched in hypersaline 

habitats (Ahrendt et al., 2014).  

 The heterotrophic microbes of the family Pelagibacteraceae are also present in 

high abundance in Port Everglades Inlet samples. This group is also known as the 
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bacterial clade SAR11 (Kutschera and Schauer 2012; Brown et al., 2012). The SAR11 

clade is considered one of the most successful microbial assemblages on the planet. This 

group of microbes is found universally in every ocean, in both coastal and open ocean 

environments, and comprises about 35% of ocean surface water microbial communities 

(Morris et al, 2002; Brown et al, 2012). Studies examining the SAR11 clade have found 

that different phylotypes inhabit different geographical locales and this is driven by 

physical parameters such as temperature, latitude, and salinity. In coastal environments 

this group has been observed to increase in abundance during the warmer summer 

months when tropical waters are highly eutrophic and there is high UV radiation (Brown 

et al, 2012). This observation is supported by my data. Increases in abundance of 

Pelagibacteraceae are observed in the spring and summer months, when water 

temperatures began to rise and large UV radiation is at its highest. 

Gammaproteobacteria 

 The most abundant organism found in the Gammaproteobacteria class was 

Candidatus portiera. This organism is an obligate primary endosymbiont whose host is 

whiteflies (Jiang et al, 2012). While it is possible that this bacterium may have been 

introduced into coastal waters from insects, as Candidatus portiera has been seen in other 

oceanic studies, it is most likely not a core organism in the inlet’s surface water 

microbiome. A possible explanation is that the Greengenes database is out of date, and 

this organism had at least 97% sequence similarity and was therefore classified as the 

whitefly endosymbiont. Candidatus portiera is in the order Oceanospirillales. This order 

is mostly comprised of marine bacteria which degrade complex organic compounds, 

using ammonium, alkanes, and polycyclic aromatic compounds as their energy source 

(Jenson et al, 2010). In the order Oceanospirillales there is a clade of bacterium that are 

strictly marine invertebrate-associated microbes which are also in the Candidatus genus. 

This bacteria is known to inhabit the Atlantic Ocean and is also associated with coral 

reefs (Jenson et al¸2010). It is possible that the Candidatus portiera hits were a part of 

the marine invertebrate-associated clade of organisms in the Oceanospirillales order. 

Greengenes is only able to classify organisms based on what DNA sequences are 

currently known, and if DNA sequences for these organisms are unknown or the database 
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is not updated, classification error may occur (Campbell et al, 2015). Candidatus portiera 

increased in abundance in the late winter months and early spring and summer months 

and drastically declined in abundance in the later summer and fall, reasons behind this are 

unknown.  

 Members of Alteromonadales were present in relatively high abundance in the 

Inlet water samples. This order is comprised of marine, Gram-negative bacteria. This 

group is known to be common in marine surface coastal waters in both the Atlantic and 

Pacific Oceans. They are common colonizers of biofilms, playing important roles in their 

formation. They also play important roles in coastal waters by helping to colonize the 

surface water microbiome in these environments (Dang and Lovell, 2000; Jones et al, 

2007; Huang et al, 2008; Dang et al, 2008; Dang et al, 2011). Alteromonadales increased 

in abundance in the fall and winter months. Although pH was not tested in this study, 

previous research has examined microbial community shifts in response to season and pH 

levels. At decreased pH levels shifts in coral-associated bacterial communities have seen 

increased levels of organisms in the Alteromonadales order as well as other 

Gammaproteobacteria (Krause et al, 2012; Meron et al, 2012). Increased abundance of 

Alteromonadales was seen during fall and winter months (Krause et al, 2012). My data 

supports increased abundance of Altermonadales in the fall and winter months.  

 Results indicate that there is a significant relationship between 

Gammaproteobacteria and water temperature and salinity. Previous studies have shown 

that there is a relationship between Gammaproteobacterial growth and temperature 

(Bretter et al, 2003 and Lefort and Gasol, 2013). Both studies showed an increase in 

Gammaproteobacterial growth with increased temperatures, with an optimal growth 

temperature ranging from 30-40ºC (Bretter et al, 2003). In this study, increased growth 

and abundance of this class was seen to range from the winter months (December-

February) to the early summer months (March-June). This is interesting as water 

temperatures were highest in the late summer months (July and August), when abundance 

levels of gammaproteobacteria decreased. It is unknown why abundance levels of this 

class increased in the winter-early summer months. It is possible that during this time 
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there were increased nutrient levels and somewhat higher temperature which may have 

stimulated bacterial growth.  

 Salinity showed a significant relationship with Gammaproteobacteria abundance 

in Port Everglades Inlet. A previous study showed that there is a relationship between 

Gammaproteobacteria and salinity, although the extent of the relationship is unknown 

and is most likely influenced by other environmental factors such as light availability 

(Campbell and Kirchman, 2012).  

Betaproteobacteria 

 The only Betaproteobacteria organism seen in the top 100 OTUs is from the order 

Methylophilales and the OM43 clade. This clade of bacteria was first described in 1997 

and was found in samples from the US Atlantic Coast. Until 2012, no known microbes 

from this group were cultivable (Huggett et al, 2012).  The first cultured strain in this 

class was HIMB624. This clade of organisms is considered methylotrophic bacteria, 

meaning that they can metabolize and assimilate one-carbon (C1) compounds including, 

methane, methanol, methyl halides, and methylated sulfur compounds. In previous 

studies it has been observed that methylotrophs are associated with phytoplankton 

blooms. In the oceanic surface waters phytoplankton growth has been associated with the 

production of methanol, methylamines, and methyl halides. These compounds are used as 

energy sources for methylotrophs (Neufeld et al, 2008). The order Methylophilales was 

relatively stable in abundance throughout the full year. Slight increases in abundance 

were observed in the winter months. While this is not what would have been expected if 

co-occurring with phytoplankton blooms (most often seen in the summer months), the 

rainfall and temperature values in South Florida in the winter months were warmer and 

wetter than previous years, with temperatures being exceptionally warmer than normal. 

This may have provided optimal growth conditions for many bacterial groups. 

 Betaproteobacteria showed a significant relationship with salinity. An increased 

abundance of this taxa was seen in the winter months when salinity levels were increased 

in comparison to other months. In a previous study by Jackson and Vallaire (2009), the 

responses of microbial assemblages to salinity and nutrients in wetlands were assessed. 
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This study determined that Betaproteobacteria increased in abundance in response to 

increased salinity levels, and slightly decreased in abundance in response to increased 

nitrogen levels. The decreased abundance of this taxa in response to increased nitrogen 

levels is because Betaproteobacteria are oligotrophs and can live in habitats with 

relatively low nutrient levels (Jackson and Vallaire, 2009 and Mitsui et al, 1997). While 

this study determined there was an increase in abundance of this taxa with salinity, the 

relevance of salinity to this group is unknown due their high ecological diversity (Jackson 

and Vallaire, 2009). 

Flavobacteria 

  The most abundant group of bacteria in the Bacteroidetes phylum was 

from the Flavobacteriales order. Within this order, two families were present in high 

abundance over all months, Cryomorphaceae and Flavobacteriaceae. Abundance levels of 

members classified as Cryomorphaceae were highest in the month of July, but also 

showed high abundance in December. High abundance levels for the month of July make 

sense due to increased water temperatures and UV radiation available for growth. The 

linear regression analysis for this study showed that there were significant relationships 

between this taxa and water temperature. Increased abundance in the month of December 

could be due to the high amount of rainfall and warm water temperatures. Increased 

water temperatures and high rainfall can increase the amount of runoff into the inlet, 

leading to nutrient enrichment in the water. These conditions could lead to increased 

growth of bacterial groups within the inlet. In a previous study completed on Port 

Everglades Inlet, Cryomorphaceae was found in high abundance in inlet samples 

(Campbell et al, 2015). A study completed by Ghiglione and Murray (2012) observed 

increased abundance of Cyromorphaceae in the summer months in Antarctica. The 

increased abundance was most likely influenced by phytoplankton bloom events, and 

nutrient enriched waters. 

 Members of the Flavobacteriaceae family were present in the highest abundance 

in March, April, and May. This bacterial group is considered a major component in all 

ocean microbial communities. They are important organisms in the microbial loop, 

breaking down large organic molecules such as chitin and proteins (Tully et al, 2014). 
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They are also associated with areas of high primary productivity and can break down 

algal polymers (Gomez-Pereira et al, 2010). In this family, is the genus Psychroserpens. 

This genus has been identified in reef communities in Thailand and has been associated 

with amoebic gill disease in fishes. In previous studies this genus was found present year-

round, with increases in abundance in the summer. In my data, the genus Psychroserpens 

was present at its highest abundance in the months of February, March, and May and was 

almost absent in the month of September, and in very low abundance in October and 

August.  The low abundance of this organism in August, September, and October could 

be due to the fluctuations in precipitation. The month of August had significantly low 

precipitation and increased salinity values. In comparison, the month of September had 

very high precipitation values and low salinity. These drastic fluctuations may have 

impacted the survivability of Psychroserpens sp.  

Chloroplast 

 Members of the Chloroplast class, in the Cyanobacteria phylum, were seen in 

high abundance across all months. Within this class, organisms from the orders 

Stramenopiles, Cryptophyta, and Haptophyceae were present in the highest abundance. 

Stramenopiles were seen at their highest abundance levels in the months of August and 

September, while members of Cryptophyta are seen in highest abundance in December 

and March. Stramenopiles are single-celled bacterial grazers which are present in all 

oceans. These organisms are a part of the marine stramenopiles (MAST) group 

comprised of multiple clades (Thaler and Lovejoy, 2014). A study completed on marine 

stramenophiles in the North Pacific Ocean saw increased abundance during the summer 

months when water temperatures were warmest and precipitation levels were highest. 

The warm water temperatures and increased freshwater runoff into the coastal 

environment provided ideal conditions for bacterial growth (Lin et al, 2012). Data from 

this study follows a similar pattern, with the highest abundance levels in the South 

Florida’s rainy, summer months. Results from the linear regression analysis also showed 

a significant relationship between the Chloroplast group and chloride and sulfate ion 

concentration. Members of the Chloroplast group have been shown to carry out complete 

sulfate reduction and this reaction is mostly light-dependent (Schwen et al, 1976). 
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Members of Cryptophyta are classified as eukaryotic algae. These organisms are common 

in oligotrophic waters and can be photosynthetic or heterotrophic (Bridoux et al, 2015). 

Due to the oligotrophic nature of Cryptophyta it is not unusual that these organisms were 

seen to increase in abundance in the dry season months when nutrients in the port are 

more limited than in the summer wet season months. 

Synechoccophycideae 

 Synechococcus and Prochlorococcus were the two most abundant groups in the 

Synechoccophycideae class. Synechococcus is seen in much higher abundance than 

Procholorococcus over the entire year. Synechococcus was seen in its highest abundance 

in the summer months or the wet season, with large drops in abundance during the winter 

months. The opposite was seen in Prochlorococcus, with its highest abundance being in 

the winter, or dry season months. These two genera make up the majority of 

picoplanktonic marine cyanobacteria and have the ability to acquire important nutrients at 

micromolar concentrations (Palenik et al, 2003). Of the two genera, Synechococcus is 

usually less abundant in oligotrophic waters, but is more common in marine waters 

worldwide (Palenik et al, 2003). Procholorococcus was seen in higher abundance in the 

winter months, which is Florida’s dry season and typically has lower nutrient availability 

than in the wet summer months. As stated previously, the winter months for 2013-2014 

were unusually warmer and wetter than previous years possibly creating optimal growth 

conditions for more bacterial groups. The winter months are also prime shipping season 

in Port Everglades Inlet. All of these factors could have contributed to increased runoff 

and nutrient availability in the inlet’s waters leading to a nutrient-rich environment, and 

therefore stimulating bacterial growth in the inlet during the winter months. 

Acidomicrobiales 

The order Acidomicrobiales was the highest represented member in the Actinobacteria 

phylum. While these organisms were not present in as high abundance as seen in other 

organisms, they were present in greater than 1% in all samples. The most common 

organism seen in this order was the strain OCS155. Not much research has been 

completed on this strain. A study by Needham and colleagues (2013) did find that this 
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strain fluctuates drastically with time, decreasing and increasing dramatically in 

abundance levels over the course of 10 days (Needham et al, 2013; Campbell et al, 

2015).  

Planctomycetia 

 The class Planctomycetia was detected in water samples in Port Everglades Inlet, 

but were in relatively low abundance year-round. Within the Planctomycetia is the genus 

Planctomycetes. Planctomycetes are facultative aerobes and anaerobes and are major 

denitrifiers in the oceans. Planctomycetes are associated with polluted waters as they are 

chemoorganotrohic(Siniscalchi et al, 2015).In this study Planctomycetes were seen in 

increased abundance ranging from October-February. The increased abundance in this 

group may have been caused by prime shipping season in Port Everglades Inlet. 

Increased boat traffic in the port leads to more anthropogenic influences into the inlet 

waters. In addition to increased boat traffic, the winter months in southern Florida for 

2013-2014 had relatively high rainfall levels and increased water temperatures. All of 

these factors may have led to increased nutrient runoff, creating a high nutrient and high 

temperature environment, which may have led to optimal growth conditions for bacterial 

organisms 

Verrucomicrobiae 

 In the Verrucomicrobia phylum, the most abundance class was the 

Verrucomicrobiae. Verrucomicrobiae are a relatively new taxonomic division in the 

bacterial domain, only being fully described in 2006 (Schlesner et al). They are believed 

to be in close relationship to the Planctomycetes group. They are ubiquitous in both 

aquatic and terrestrial habitats and are believed to be associated with polluted and 

eutrophic areas (Freitas et al, 2012; Schlesner et al, 2006). To date, there is still little 

known about the biological roles that Verrucomicrobia play in the environment. In this 

study Verrucomicrobiae were present in low abundance year round, with no distinct 

increases or decreases in abundance. Previous studies completed in the Lopez lab have 

also shown the presence of Verrucomicrobiae in both water samples and sponge samples 

(Campbell et al, 2015; Mulheron MS thesis, 2015 Unpublished). Future research on this 
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phylum needs to be completed in order to understand the roles this bacterial taxa plays in 

marine environments.  

The overall bacterioplankton community composition seen in this study was 

similar to other coastal water microbial community studies (Campbell et al., 2015; 

Gifford et al., 2014; Williams et al., 2013; Elifantz et al., 2013; Rappe et al., 2000). This 

is especially true when comparing this study to a previous study completed on Port 

Everglades Inlet microbial community (Campbell et al, 2015). An interesting trend seen 

in my dataset shows increased abundance of many bacterial groups during the dry season 

months of southern Florida. This was unexpected as most bacterial communities are 

known to proliferate in the wet summer months when sunlight and precipitation levels are 

at their highest. A reason why an increase in abundance of many of these organisms was 

seen in the winter months could be due to the unusually warm and wet, dry season 

southern Florida experienced in the 2013-2014 year. This also coincided with prime 

shipping season for Port Everglades, which runs from November to April. Higher than 

normal precipitation and temperature levels could lead to increased runoff into the inlet 

waters, leading to eutrophication. Addition of anthropogenic impacts from the shipping 

industry could also contribute to eutrophication of inlet waters. All of these factors 

combined supply the bacterial community with prime growing conditions, and could 

therefore explain the increased microbial abundance seen during this time. 

 

Presence of Pathogens in Port Everglades Inlet Surface Waters   

 Port Everglades Inlet is known to be a point source of pollution introducing 

harmful pollutants into the surrounding marine environments including a coral reef tract 

and recreational beaches (Banks et al., 2008 and Stamates et al., 2013). Due to the 

influence the inlet waters have on the surrounding marine environments it is important to 

examine the presence of pathogenic organisms in the inlet waters. The presence of 

pathogens in inlet water samples were determined by partitioning out the top 100 OTUs 

of bacterial orders known to contain human and animal pathogens relevant in the 

surrounding environments. 
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Bacillales 

 The order Bacillales contained three known pathogenic genera Staphylococcus, 

Bacillus, and Paenibacillus. The only one of these genera known to cause ocean-related 

illness is Staphylococcus spp. Staphylococcus was present in almost all months and had 

the highest abundance levels of all three genera. Staphylococcus abundance levels were 

highest in the months of July and August. Staphylococcus is a genus of gram-positive 

bacteria commonly found on the nails, skin, and hair of humans (Lian et al, 2012). This 

species is present in abundance on the skin of humans, and is shed directly into coastal 

waters from bathers.  The most well known species in this genus, which is known to 

cause illness in humans is S. aureus. S. aureus has a high resistance to salinity, making it 

a potential threat to other humans using the contaminated water source for recreational 

purposes.  S. aureus has also been positively correlated with respiratory, ear, and skin 

illnesses in humans. While this species is most commonly linked to human illnesses, it is  

also capable of infecting marine mammals (van Elk et al, 2012). The origin of the strain 

of S. aureus that is contracted by marine mammals was most likely from terrestrial 

sources introduced into the marine environment via runoff (van Elk et al, 2012). Studies 

examining the abundance of Staphylococcus over a wet and dry season at a heavily 

visited coastal area observed increased abundance of S. aureus during the wet season 

(Curiel-Ayala et al, 2012). The trends seen in my data also show increased abundance of 

Staphylococcus during Florida’s wet season.  

Clostridia 

 Within the class Clostridia is the genus Clostridium. This genus is made up of 

Gram-positive organisms that form endospores. The formation of endospores allows for 

this group to survive unfavorable conditions, and proliferate when nutrient rich and 

favorable conditions occur (Paredes-Saba et al, 2011).  The four well-known pathogenic 

species are Clostridium difficile, C. perfingens, C. tetani, and C. botulinum 

(www.publichealth.gc.ca).  These organisms are known to cause serious illnesses in 

humans such as botulism, tetanus, colitis, and food poisoning. Pathogenic strains of 

Clostridium are most likely introduced into the marine environment from terrestrial 

sources.  After introduction into marine and coastal waters members of the genus 
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Clostridium have been associated with infectious scleractinian coral diseases.  Black band 

disease is a widespread and highly destructive disease in corals, characterized by a black 

or red microbial mat band, which migrates from top to bottom in coral colonies. This 

disease can kill up to 1 cm of healthy coral tissue per day. Multiple species of 

Clostridium have been associated with the occurrence of black band disease in corals 

(Frias-Lopez, 2002). Yellow band disease in the Caribbean, and White Syndrome in the 

Indo-Pacific, are two additional coral diseases known to have an association with 

Clostridium spp. Caribbean corals are currently in competition for hard-bottom space 

with benthic algal species. Many of the algae release primary metabolites as a form of 

allelopathy. This release of metabolites has been shown to increase microbial growth and 

may contribute to the disease pathogenicity in the infected corals (Sweet et al, 2013).  

 In this study Clostridium was seen in the highest abundance in the winter months 

of January and February. It is possible that increased abundance of this genus was seen in 

these months due to increased water temperatures and nutrient availability. As stated 

previously, temperatures in southern Florida were abnormally high for this time of year 

and nitrogen and phosphorous ion concentration levels were higher than in other months 

throughout the year.  

Camplyobacteriales 

 Helicobacter pylori (H. pylori) is one of the most common human pathogens in 

the world today, infecting roughly 50% of the world’s population (Kim et al, 2011). It is 

a Gram-negative bacteria most commonly found in the gastrointestinal system of humans 

(Vale and Vitor, 2010). Previous studies have shown H. pylori is present in many natural 

water environments including coastal and offshore marine environments (Twing et al, 

2011; Voytek et al, 2005; and Cellini et al, 2004), and that it is often more prevalent and 

in higher abundance in marine waters (Carbone et al, 2005 and Cellini et al, 2004).  

Introduction of this species into the coastal marine environment is likely from human 

fecal contamination, terrestrial runoff, and treated wastewater. Temporal studies 

completed on H. pylori have seen increases in abundance of this organism during the 

warm summer months (Twing et al, 2011). In this study, Helicobacter spp. were only 
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present in month of October and were in very low abundance. The presence of this 

organism in the month of October could be due to high tidal ranges that occur in this 

region during this month (Aranda et al, 2015 In Press). 

Lactobacillus 

 Two pathogenic genera in the Lactobacillus class are present in the Port 

Everglades Inlet water samples. Streptococcus spp. can be pathogenic to humans as well 

as marine life. Streptococcus can be introduced into the environment from humans via 

fecal contamination. Humans impacted by pathogenic fecal Streptococcus have been 

documented to suffer acute febrile respiratory illness, especially when exposed to 

increased levels of fecal streptococci (Fleisher et al, 1996). Streptococcus agalactiae is a 

zoonotic bacteria and has been shown to cause illness and mortality in humans. Members 

in this group are most commonly seen to infect bovine animals, fish, and humans causing 

sepsis, pneumonia, and osteomyelitis. Organisms in this genus have been observed as 

pathogenic to wild and cultured marine fishes, causing large fish kills in the Gulf of 

Mexico and the panhandle of Florida up to the Alabama coast. Streptococcus was present 

year-round in this study. The highest abundance of Streptococcus was seen in the month 

of January. Increased freshwater input and warm water conditions could have been the 

cause of the increased abundance of these organisms. This is also during the prime 

shipping season in Port Everglades, which may have had an impact on abundance levels 

of Streptococcus spp. 

 Enterococcus spp. are important fecal indicator bacteria, most often utilized to 

assess fecal contamination on recreational beaches and coastal areas (Aranda et al, 2015 

In Press; Heaney et al, 2014; Wade et al, 2003; US Environmental Protection Agency, 

1986 and 2004). Enterococcus spp. are universally found in feces from humans and 

animals and are present in almost every environment in the world (Heaney et al, 2014). 

These organisms are able to grow in high salinity conditions, but are known to persist 

longer in freshwater conditions (Sinton et al, 2002). While certain species of enterococci 

such as E. faecium and E. faecalis aid in digestion in the gut, certain Enterococcus spp. 

are opportunistic pathogens and cause nosocomial infections such as urinary tract 



 77 

infections, and abdominal and pelvic infections. Particular strains of enterococci are of 

concern due to their antibiotic resistance.  A recent study examining the number of 

exceedances of enterococci on recreational beaches in Miami-Dade County, FL from 

2000-2010  (Aranda et al, 2015 In Press) showed that beaches were only in exceedance 

of the allowable levels of enterococci 3% of the time. This study examined data 

generated by the Florida Healthy Beaches Program, which samples weekly. No patterns 

in regards to rainfall or storms were seen in correlation with enterococci exceedances, 

although this may be due to the sampling frequency and high decay rate of enterococci in 

marine waters (Aranda et al, 2015 In Press; Sinton et al, 2002). The highest levels of 

eneterococci seen in the Miami-Dade study were in March and October, and this could be 

due to high tidal levels in October, and possible tourism influences in the month of March 

overlapping with spring break (Aranda et al, 2015 In Press). Interestingly, in a previous 

study examining presence of pathogens in Port Everglades Inlet, no Enterococcus spp. 

were observed (Campbell et al, 2015). This may be due to different sequencing platforms 

that were used in the studies, or that Enterococcus spp. are not prevalent inhabitants in 

Port Everglades Inlet. More intensive studies would need to be completed to determine 

presence of Enterococcus spp. in Port Everglades Inlet.  

Enterobacteriales 

 The Enterobacteriales class was screened for potential pathogens to determine if 

the coral pathogen, Serratia marcescens, was present in inlet water samples. S. 

marcescens is a human fecal bacteria that has been observed as the causative agent of the 

white pox disease in Acropora palmata, an environmentally important coral species in 

southern Florida. S. marcescens was not observed in the top 100 OTUs in the 

Enterobacteriales class. Possible pathogens seen in this class were Citrobacter spp., 

Morganella spp., and Providencia spp. These organisms are known human pathogens, 

but have not been documented to cause serious illness to marine organisms or humans 

after exposure to them in the marine environment. The organism found in highest 

abundance in this class was Citrobacter. Increases in abundance of this organism were 

seen in the late winter and early spring months. These pathogens were not present in high 
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abundance at any time throughout the entire year. The presences of Salmonella spp., a 

common human pathogen, were not detected in the inlet water samples. 

Vibrionales 

Organisms in the Vibrionales class were screened for potential pathogenic 

bacteria. In the top 100 OTUs, no pathogenic genera were detected in the inlet surface 

water samples.  

 

Overall Presence of Pathogens in Port Everglades Inlet 

Port Everglades Inlet surface water samples showed the presence of possible 

pathogenic genera. Although these organisms were present in the samples, most were not 

present year-round and were only seen in one or two months throughout the year. These 

organisms were not in high abundance in any of the samples, with most not being present 

in the top OTUs in the overall dataset. It is worth noting that when completing 

sequencing studies, only DNA is available. This being said the viability of these 

pathogens is unknown. Port Everglades Inlet should be continually monitored for 

pathogens in the future due to the high influence of anthropogenic factors from tourists, 

urban development and runoff, and the shipping industry. Future studies examining the 

presence of pathogens in the port should utilize real-time PCR , DNA sequencing 

technology, and culturing techniques to obtain counts and viability of cells in the water 

samples.  

Comparison of Illumina data with 454 

The development of high-throughput DNA sequencing technologies has 

revolutionized scientist’s understanding of microbial community composition in different 

environments. In recent years the metagenomics community has seen a shift from Roche 

454 sequencing technology to Illumin/Solexa platforms, mostly due to the lower cost per 

base on the Illumina platform (Metzker, 2010; Caporaso et al., 2012). There has been 

disagreement in the scientific community when determining if the two platforms provide 

comparable data. In a study completed Luo and colleagues (2012), freshwater samples 
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with similar complexity to marine samples, but lower than soil samples, were sequenced 

using both technologies. Their results showed that the two technologies had 90% 

similarity in assembled contigs and 89% similarity in raw reads and genome abundance 

for the sample. They concluded that both technologies provide reliable and comparable 

data for assessing microbial community diversity. Due to the lower cost of sequencing, 

more accurate contig assembly and less homopolymer read errors, Illumina sequencing 

may be the better platform for metagenomic analyses (Luo et al, 2012;Mardis, 2008; 

Metzker, 2010).  

In this study, the Illumina MiSeq platform was used to sequence Port Everglades 

Inlet water sample. In a previously published paper in our lab, Port Everglades Inlet water 

samples were sequenced using the Roche 454 pyrosequencing technology. Results for 

both studies were analogous, with the major bacterial taxa and their relative abundances 

showing homogeneity across both studies. These data indicate that both platforms 

produce similar and reliable results when comparing data generated from the same 

sampling site. With the costs of Illumina being roughly a quarter of those produced in 

454 pyrosequencing, it can be stated that Illumina sequencing is the better option for 

cost-effective sequencing projects. Regardless of cost, both platforms provide reliable 

and relevant data.  

Section VI: Importance and Significance 

 High-throughput sequencing technologies are of utmost importance in marine 

microbial community studies due to the limitations of VBNC microbes in marine 

environments (Handelsman, 2004; Giovannoni et al, 1990). Previous to the use of high-

throughput DNA sequencing, culture-based and PCR approaches encompassed majority 

of the information known about marine microbes. Due to the unculturable nature of the 

marine microbes, scientists were left with a grossly underestimated knowledge of true 

diversity of marine microbial communities. As DNA sequencing technologies continue to 

develop increased read lengths and more reads per sample, true microbial composition of 

a community can be determined. This will be important for future monitoring efforts in 

marine ecosystems, as well as determining rare, but important environmental indicator 

organisms that formerly went undetected in microbial studies.  
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Port Everglades Inlet is a major seaport in southern Florida, and is a major 

connection into the Atlantic Ocean. Due to the busy nature of the port, it is constantly 

under anthropogenic influences from humans, terrestrial runoff, urban development, and 

the shipping industry (cargo and cruise ships, and private boats). The inlet waters flow 

out into the Atlantic Ocean and directly offshore onto a coral reef and adjacent beaches, 

making it a point source of pollution to these environments (Banks et al, 2008; Carrie-

Futch et al, 2011; Stamates et al, 2013). Previous to this study, majority of the research 

and monitoring completed in the inlet used culture-based and qPCR approaches, and 

focused on presence of fecal indicator bacteria. Only one other study has utilized high-

throughput DNA sequencing technology to generate baseline knowledge of the microbial 

community composition in Port Everglades Inlet, but sampling scale was much larger, 

obtaining samples quarterly as opposed to weekly. Small scale weekly sampling allowed 

for fluctuations in community composition to be determined on a monthly and seasonal 

basis over an entire year. This information is important for future public health and 

environmental monitoring efforts in the port and will provide information regarding 

natural fluctuations of the microbial community as well as fluctuations caused by 

pollution and other anthropogenic influences. 

 

Section VII: Conclusions 

 The goal of this study was to characterize the marine microbial community 

composition of the Port Everglades Inlet surface water microbiome and it’s fluctuations 

throughout a 1-year timespan. This is the first study, to my knowledge, that utilized 

Illumina sequencing technology and that sampled on a weekly basis to analyze microbes 

in Port Everglades Inlet. Results indicated that there were significant differences in alpha 

diversity, especially when comparing the microbial community in the month of August, 

with the months of December, October, and November, and this is most likely due to the 

low community richness and abundance seen in the month of August, which also had 

significantly low precipitation levels. Significant differences in beta diversity were seen 

when comparing months and seasons but no significant differences were observed for 

location. Species richness and diversity varied by month and by season, but was 
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dependent on individual bacterial organisms. No drastic increases in species richness or 

diversity were seen in Florida’s wet season, which was hypothesized. Environmental 

metadata such as rainfall, salinity, water temperature, and nutrient concentration had 

impacts on the microbial community composition of Port Everglades Inlet waters, 

specifically in regards to months in the dry season. The dry season in Florida for the 

2013-2014 year, was significantly warmer than has been seen in previous years. In 

addition to the warm temperatures, increases in nitrogen and phosphorous concentration 

were also observed in these months, possibly creating optimal conditions for bacterial 

growth during these times. Increased microbial abundance and richness were seen in the 

early spring and late summer months, most likely due to increased temperatures, UV 

radiation, and precipitation, which was expected.  Pathogenic genera were detected in the 

inlet but were not consistently present throughout the year and were at low abundances. 

In the months that the pathogens were detected it is possible that they were present due to 

the prime shipping season in Port Everglades Inlet which runs from November to April 

and also correlated with tourist season in south Florida.  

 In comparison to the previous study by Campbell et al (2015) completed on Port 

Everglades Inlet and surrounding waters, the overall community compositions were 

comparable. The microbes present in the inlet waters were also comparable to other 

marine microbial communities outlined in different marine and coastal environments. 

The utilization of Illumina sequencing allowed for a much higher numbers of reads per 

sample than were seen in the previous inlet study, but also did not have as long of a read 

length seen with 454-pyrosequencing technology. Both studies on the Port Everglades 

Inlet microbiome yielded complementary data creating a strong baseline of the 

microbiome present in the inlet. These studies can be utilized by the county and public 

health officials, who complete routine monitoring on port waters, as well as by 

environmental scientists looking to see what the impacts of the microbial community in 

Port Everglades Inlet might have on the surrounding coastal beaches and adjacent coral 

reef.  

 Future microbial community composition studies in Port Everglades Inlet should 

utilize multiple molecular techniques in order to determine viability, abundance, and 
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ecological roles these organisms play in their environment. The use of qPCR and culture-

based techniques paired with DNA sequencing would provide in-depth information 

regarding viable pathogens present in Port Everglades Inlet, and could be of use in 

determining if the Inlet is a source of disease for the offshore coral reef ecosystem, as 

well as if the beaches adjacent to the inlet are drastically impacted by the expelled inlet 

waters. A multi-omic study completed in the inlet would supplement the current study by 

providing information on the ecological roles the microbes play in this particular niche. It 

would be interesting to see if roles of the microbes in the inlet differ from roles played in 

other marine ecosystems.   
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APPENDICES 

APPENDIX 1: Table of sample IDs, location, number of reads per sample, month sample 

taken and the date sample was taken. 

Sample 
Name 

Number of Reads Date 
Sampled 

PE12 M9 11512  71013 

PE15 M9 14154 July 71913 

PE17 BB 11346  72313 

PE18 M9 15161  72313 

PE20 BB 9507  80313 

PE21 M9 9418 August 80313 

PE23 BB 9500  81013 

PE26 BB 17611  81713 

PE27 M9 25521  81713 

PE29 BB 17586  82013 

PE30 M9 19133  82013 

PE32 BB 14880  90513 

PE33 M9 19612 September 90513 

PE35 BB 23523  91213 

PE36 M9 25149  91213 

PE38 BB 10177  92013 

PE39 M9 6914  92013 

PE41 BB 15134  92713 

PE42 M9 13586  92713 

PE44 BB 14079  100313 

PE45 M9 16402  100313 

PE47 BB 11118 October 101113 

PE48 M9 11936  101113 

PE50 BB 18833  101713 

PE51 M9 18211  101713 

PE52 BB 15871  102613 

PE55 BB 14755  110113 

PE56 M9 11926  110113 

PE61 BB 32354  111413 

PE62 M9 13163  111413 

PE64 M9 12391 November 112113 

PE66 BB 12748  112113 

PE67 BB 8859  120513 

PE68 M9 6066 December 120513 
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PE71 M9 14807  121213 

PE73 BB 7975  121513 

PE74 M9 6283  121513 

PE79 BB 22560  11014 

PE82 BB 19577 January 11514 

PE83 M9 17723  11514 

PE85 BB 29566  11514 

PE86 BB 40611  12514 

PE87 M9 15039  12514 

PE89 BB 17367  13114 

PE90 M9 20727  13114 

PE92 BB 7861 February 20714 

PE93 M9 16486  20714 

PE95 M9 31575  21214 

PE96 M9 28479  21214 

PE98 BB 26941  22214 

PE99 M9 37174  22214 

PE101 BB 11360  22814 

PE102 M9 18870  22814 

PE104 BB 24331 March 30814 

PE105 M9 19252  30814 

PE107 BB 26295  31414 

PE108 M9 25020  31414 

PE110 BB 14573  32114 

PE111 M9 16854  32114 

PE113 BB 16702  32814 

PE114 M9 27858  32814 

PE119 BB 13035  41114 

PE120 M9 17671  41114 

PE122 BB 80122 April 41814 

PE123 M9 5666  41814 

PE125 BB 12517  42514 

PE126 M9 15088  42514 

PE128 BB 12832  50214 

PE129 M9 12113 May 50214 

PE131 BB 8883  50714 

PE132 M9 14352  50714 

PE134 M9 13711  51714 

PE136 BB 11179  51714 
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PE138 M9 16157  52314 

PE140 BB 14518  53014 

PE141 M9 18933  53014 

PE143 BB 24207 June 60614 

PE144 M9 19952  61314 

PE146 BB 14031  61314 

PE147 M9 16674  61314 

PE149 BB 11147  62114 

PE150 M9 18294  62114 

 

APPENDIX 2: Table of sample IDs with raw environmental metadata. 

Sample 
Name 

Chloride 
Ion 
(mol/L) 

Sulfate 
Ion 
(mol/L) 

Phosphate 
Ion 
(mol/L) 

Salinity Water 

Temperature 

(°C) 

Rainfall 

(inches) 

PE12 
M9 

0.519 0.0234 Below Cal 26.0 30.0 12.71 

PE15 
M9 

0.218 0.0111 Below Cal 14.5 30.0 12.71 

PE17 BB 0.337 0.0162 Below Cal 17.0 30.0 12.71 

PE18 
M9 

0.354 0.017 Below Cal 17.0 30.0 12.71 

PE20 BB Below 
Cal 

Below 
Cal 

Below Cal 22.5 30.0 4.43 

PE21 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 22.5 30.0 4.43 

PE23 BB Below 
Cal 

Below 
Cal 

Below Cal 23.0 30.0 4.43 

PE26 BB 0.461 0.0215 Below Cal 22.5 29.4 4.43 

PE27 
M9 

0.404 0.0196 Below Cal 22.5 29.4 4.43 

PE29 BB 0.538 0.0243 Below Cal 29.0 28.9 4.43 

PE30 
M9 

0.561 0.0254 Below Cal 29.0 28.9 4.43 

PE32 BB 0.435 0.0205 Below Cal 24.0 28.9 10.48 

PE33 
M9 

0.437 0.02 Below Cal 24.0 28.9 10.48 

PE35 BB 0.401 0.019 Below Cal 24.0 28.3 10.48 

PE36 
M9 

0.405 0.0234 Below Cal 24.0 28.3 10.48 

PE38 BB Below 
Cal 

Below 
Cal 

Below Cal 23.0 26.1 10.48 
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PE39 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 23.0 26.1 10.48 

PE41 BB Below 
Cal 

Below 
Cal 

Below Cal 24.0 28.9 10.48 

PE42 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 24.0 28.9 10.48 

PE44 BB 0.241 0.0122 Below Cal 24.0 28.9 6.87 

PE45 
M9 

0.443 0.0206 Below Cal 24.0 28.9 6.87 

PE47 BB 0.443 0.0206 Below Cal 25.0 28.9 6.87 

PE48 
M9 

0.518 0.0242 Below Cal 25.0 28.9 6.87 

PE50 BB 0.989 0.0404 Below Cal 30.0 28.9 6.87 

PE51 
M9 

0.538 0.0242 Below Cal 30.0 28.9 6.87 

PE52 BB 0.619 0.0272 Below Cal 30.0 28.3 6.87 

PE55 BB 3.054 0.111 Below Cal 33.0 28.3 5.73 

PE56 
M9 

1.216 0.048 Below Cal 33.0 28.3 5.73 

PE61 BB Below 
Cal 

Below 
Cal 

Below Cal 33.5 27.7 5.73 

PE62 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.5 27.7 5.73 

PE64 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 31.0 27.2 5.73 

PE66 BB Below 
Cal 

Below 
Cal 

Below Cal 31.0 27.2 5.73 

PE67 BB Below 
Cal 

Below 
Cal 

Below Cal 31.0 25.6 4.67 

PE68 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 31.0 25.6 4.67 

PE71 
M9 

0.906 0.0329 0.032 30.0 26.7 4.67 

PE73 BB 0.523 0.0194 0.019 31.0 28.3 4.67 

PE74 
M9 

1.774 0.0631 0.06 31.0 28.3 4.67 

PE79 BB 2.185 0.0754 0.075 32.0 26.1 1.91 

PE82 BB 0.548 0.0196 0.02 32.0 25.6 1.91 

PE83 
M9 

0.826 0.0301 0.029 32.0 25.6 1.91 

PE85 BB Below 
Cal 

Below 
Cal 

Below Cal 35.0 25.6 1.91 
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PE86 BB 0.547 0.0199 0.02 32.0 24.4 1.91 

PE87 
M9 

0.628 0.0224 0.0224 32.0 24.4 1.91 

PE89 BB 0.699 0.0256 0.0257 31.0 25.0 1.91 

PE90 
M9 

2.023 0.0702 0.07 31.0 25.0 1.91 

PE92 BB 1.549 0.054 0.0549 28.0 25.0 1.17 

PE93 
M9 

1.371 0.0483 0.048 28.0 25.0 1.17 

PE95 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 31.0 25.0 1.17 

PE96 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 31.0 25.0 1.17 

PE98 BB 0.441 0.0239 0.024 30.0 24.4 1.17 

PE99 
M9 

0.408 0.0229 0.023 30.0 24.4 1.17 

PE101 
BB 

0.529 0.0266 Below Cal 34.0 24.4 1.17 

PE102 
M9 

0.511 0.026 Below Cal 34.0 24.4 1.17 

PE104 
BB 

0.503 0.0258 Below Cal 33.0 25.0 2.61 

PE105 
M9 

0.524 0.0265 Below Cal 33.0 25.0 2.61 

PE107 
BB 

0.546 0.0272 Below Cal 34.0 25.0 2.61 

PE108 
M9 

0.543 0.0262 Below Cal 34.0 25.0 2.61 

PE110 
BB 

0.544 0.027 Below Cal 34.0 25.0 2.61 

PE111 
M9 

0.542 0.027 Below Cal 34.0 25.0 2.61 

PE113 
BB 

0.518 0.0262 Below Cal 34.0 23.9 2.61 

PE114 
M9 

0.547 0.0271 Below Cal 34.0 23.9 2.61 

PE119 
BB 

0.409 0.0231 Below Cal 35.0 25.0 1.18 

PE120 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 35.0 25.0 1.18 

PE122 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 25.6 1.18 
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PE123 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 25.6 1.18 

PE125 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 26.1 1.18 

PE126 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 26.1 1.18 

PE128 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 26.7 3.3 

PE129 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 26.7 3.3 

PE131 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 26.7 3.3 

PE132 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 26.7 3.3 

PE134 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 26.7 3.3 

PE136 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 26.7 3.3 

PE138 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 27.2 3.3 

PE140 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 27.2 3.3 

PE141 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 34.0 27.2 3.3 

PE143 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 32.0 28.3 19.63 

PE144 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 32.0 28.3 19.63 

PE146 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 28.3 19.63 

PE147 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 33.0 28.3 19.63 

PE149 
BB 

Below 
Cal 

Below 
Cal 

Below Cal 25.0 28.9 19.63 

PE150 
M9 

Below 
Cal 

Below 
Cal 

Below Cal 25.0 28.9 19.63 
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APPENDIX 3: Order and family taxonomic stacked bar charts. 
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